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Active Galactic Nuclei
• Active Galactic Nuclei (AGN) powered by 

accretion into a supermassive black hole (SMBH) 
are the most luminous persistent sources of EM 
radiation (typical Lbol ~ 1043 - 1048 erg/s). 

• A fraction of AGN display long relativistic jets, 
which dominate the high-luminosity end of AGN 
distribution. Their emission is observed across 
the EM spectrum.  

• Studying the extreme processes near SMBHs 
requires observations at the highest attainable 
energies.
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Extragalactic gamma-ray sky
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Fermi-LAT (1-100 GeV )

Radio galaxy

Blazar

• Blazars (face-on jetted AGN) dominate the extragalactic sky at the highest energies 
(GeV to >TeV gamma rays).
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E(B � V ) = 0.054 mag, and the results of Raiteri et al.
(2015) were applied here with 0.173, 0.229, 0.275, 0.394,
0.457, and 0.481 mag corresponding to the v, b, u, uvw1,
uvm2 and uvw2 bands.

2.3. XMM-Newton data

XMM-Newton is an X-ray observatory, and its main
instrument is the European Photon Imaging Camera
(EPIC), consisting of two MOS detectors and a pn cam-
era which operate in the 0.2–12.0 keV energy range. To-
tally, 24 sets of observations of PG 1553+113 obtained
from 2001 to 2020 were employed and analysed with the
software Science Analysis System (SAS version 18.0).
We followed the recommended data analysis threads by
XMM-Newton Science Operation Centre, cifbuild and
odfingest procedures for the preparation, and then
xmmextractor for the extractions of the light curves and
spectra. The evselect was run when we extracted the
light curves on 0.3–2.0 keV and 2.0–10.0 keV.

2.4. Radio data

The 40 m telescope at the Owens Valley Radio Obser-
vatory (OVRO), is monitoring more than 1800 blazars
(Richards et al. 2011). We obtain the 15 GHz data cov-
ering from 2012 January to 2020 January from the public
data archived website5.

3. MULTI-WAVELENGTH LIGHT CURVES

The multi-wavelength light curves during 2012 Jan-
uary – 2020 January of PG 1553+113, ranging from �-
ray to the radio, are shown in Figure 1. The light curve
of �-ray exhibits the quasi-periodic variations which
were reported by Ackermann et al. (2015). Some weak
flares can be seen near the main flares on the �-ray light
curve. Similar situations can also be seen in the X-ray
and optical/UV bands.
When the main flare in the �-ray light curves was ob-

served, the prominent outbursts in both X-ray and opti-
cal/UV bands could be seen, and, in addition, similar to
the case of the �-ray, some distinct flares in X-ray and
optical/UV bands were observed when the weak flares
in �-ray were recorded.
In the radio light curve, a quasi-periodic variation

can also be seen, however, weak flares are not observed
clearly.

4. DISCUSSION

The quasi-periodic variation in the �-ray light curve
of PG 1553+113 was explained by the jet precession in

5
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Figure 1. Multiwavelength light curves of PG 1553+113
covering �-ray, X-ray, UV, optical and radio bands with
epochs from 2012 to 2020. The �-ray light curve is shown
with a 20 day binning and the data of X-ray and optical/UV
are rebinned to one data point for each observation.

the SMBHB (Caproni et al. 2017). One-jet model is
appropriate for main flares, while the existence of the
weak peaks on the light curve, possibly requires a two-
jet model to explain this phenomenon (see e.g., Tavani
et al. 2018, Cavaliere et al. 2019).
We attempted to fit the X-ray light curves with the

single jet precession, but unfortunately, the obtained pe-
riod is much shorter than that in the case of �-ray when
the same model was used for fitting. Moreover, similar
behavior of the main and weak flares in the correlation
between flux and spectral index may be the signature of
two jets. Based on this possibility, in order to explore
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Fig. 1.— The integral flux above 200 GeV observed from PKS2155−304 on MJD 53944 versus time. The data are binned in 1-minute
intervals. The horizontal line represents I(>200 GeV) observed (Aharonian et al. 2006) from the Crab Nebula. The curve is the fit to these
data of the superposition of five bursts (see text) and a constant flux.
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Fig. 2.— The Fourier power spectrum of the light curve and associated measurement error. The grey shaded area corresponds to the
90% confidence interval for a light curve with a power-law Fourier spectrum Pν ∝ ν−2. The horizontal line is the average noise level (see
text).
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• Variable across multiple 
timescales, from years to 
minutes. 

• Variability increases with energy. 

• Questions: location, geometry 
and evolution of the emission 
region/s.
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2.3. XMM-Newton data

XMM-Newton is an X-ray observatory, and its main
instrument is the European Photon Imaging Camera
(EPIC), consisting of two MOS detectors and a pn cam-
era which operate in the 0.2–12.0 keV energy range. To-
tally, 24 sets of observations of PG 1553+113 obtained
from 2001 to 2020 were employed and analysed with the
software Science Analysis System (SAS version 18.0).
We followed the recommended data analysis threads by
XMM-Newton Science Operation Centre, cifbuild and
odfingest procedures for the preparation, and then
xmmextractor for the extractions of the light curves and
spectra. The evselect was run when we extracted the
light curves on 0.3–2.0 keV and 2.0–10.0 keV.

2.4. Radio data

The 40 m telescope at the Owens Valley Radio Obser-
vatory (OVRO), is monitoring more than 1800 blazars
(Richards et al. 2011). We obtain the 15 GHz data cov-
ering from 2012 January to 2020 January from the public
data archived website5.

3. MULTI-WAVELENGTH LIGHT CURVES

The multi-wavelength light curves during 2012 Jan-
uary – 2020 January of PG 1553+113, ranging from �-
ray to the radio, are shown in Figure 1. The light curve
of �-ray exhibits the quasi-periodic variations which
were reported by Ackermann et al. (2015). Some weak
flares can be seen near the main flares on the �-ray light
curve. Similar situations can also be seen in the X-ray
and optical/UV bands.
When the main flare in the �-ray light curves was ob-

served, the prominent outbursts in both X-ray and opti-
cal/UV bands could be seen, and, in addition, similar to
the case of the �-ray, some distinct flares in X-ray and
optical/UV bands were observed when the weak flares
in �-ray were recorded.
In the radio light curve, a quasi-periodic variation

can also be seen, however, weak flares are not observed
clearly.

4. DISCUSSION

The quasi-periodic variation in the �-ray light curve
of PG 1553+113 was explained by the jet precession in
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Figure 1. Multiwavelength light curves of PG 1553+113
covering �-ray, X-ray, UV, optical and radio bands with
epochs from 2012 to 2020. The �-ray light curve is shown
with a 20 day binning and the data of X-ray and optical/UV
are rebinned to one data point for each observation.

the SMBHB (Caproni et al. 2017). One-jet model is
appropriate for main flares, while the existence of the
weak peaks on the light curve, possibly requires a two-
jet model to explain this phenomenon (see e.g., Tavani
et al. 2018, Cavaliere et al. 2019).
We attempted to fit the X-ray light curves with the

single jet precession, but unfortunately, the obtained pe-
riod is much shorter than that in the case of �-ray when
the same model was used for fitting. Moreover, similar
behavior of the main and weak flares in the correlation
between flux and spectral index may be the signature of
two jets. Based on this possibility, in order to explore
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Fig. 1.— The integral flux above 200 GeV observed from PKS2155−304 on MJD 53944 versus time. The data are binned in 1-minute
intervals. The horizontal line represents I(>200 GeV) observed (Aharonian et al. 2006) from the Crab Nebula. The curve is the fit to these
data of the superposition of five bursts (see text) and a constant flux.
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Fig. 2.— The Fourier power spectrum of the light curve and associated measurement error. The grey shaded area corresponds to the
90% confidence interval for a light curve with a power-law Fourier spectrum Pν ∝ ν−2. The horizontal line is the average noise level (see
text).
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• Variable across multiple 
timescales, from years to 
minutes. 

• Variability increases with energy. 

• Questions: location, geometry 
and evolution of the emission 
region/s.

Multimessenger

• Particle acceleration (and interactions) in the AGN 
core or in the jet may lead to multimessenger 
emission: cosmic rays, neutrinos, and hadronic 
photons.  

• Questions: particle acceleration, origin of HE 
AGN emission, cosmic-ray and neutrino sources.Minute-scale
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Spectral energy distributions of blazars
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Adapted from Padovani et al. A&AR (2017)
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Spectral energy distributions of blazars
• Broadband SED characterized by two broad emission “bumps”
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.
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is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
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To go beyond taxonomy and paint the AGN “big pic-
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results;
– the physical mechanism(s) behind emission in a given
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– the possible limitations of current observations and/or
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one) were introduced by a review talk which set the scene,
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pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
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Spectral energy distributions of blazars
• Broadband SED characterized by two broad emission “bumps”

• Low energies (radio to X-ray): typically described by 
synchrotron emission from relativistic e-/e+ in the jet.
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or
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The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Adapted from Padovani et al. A&AR (2017)

Low energies
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Spectral energy distributions of blazars
• Broadband SED characterized by two broad emission “bumps”

• Low energies (radio to X-ray): typically described by 
synchrotron emission from relativistic e-/e+ in the jet.

• High energies (X-ray to gammas): less understood. Two main 
models:

• Leptonic: inverse Compton scattering of lower energy 
photons from e-/e+ in the jet.

• Hadronic: Decay of neutral pions from interactions of high-
energy hadrons (i.e. cosmic rays) accelerated in the jet. 
Cosmic rays interact with low-energy ambient photons (p- ) 
or with gas/dust (p-p)

γ
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see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Adapted from Padovani et al. A&AR (2017)

Low energies
High energies
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Spectral energy distributions of blazars
• Broadband SED characterized by two broad emission “bumps”

• Low energies (radio to X-ray): typically described by 
synchrotron emission from relativistic e-/e+ in the jet.

• High energies (X-ray to gammas): less understood. Two main 
models:

• Leptonic: inverse Compton scattering of lower energy 
photons from e-/e+ in the jet.

• Hadronic: Decay of neutral pions from interactions of high-
energy hadrons (i.e. cosmic rays) accelerated in the jet. 
Cosmic rays interact with low-energy ambient photons (p- ) 
or with gas/dust (p-p)

γ

6

4 P. Padovani et al.

Non-jetted AGN
Jet (HSP)
Jet (LSP)

Radio

cm/mm

Sub-mm/FIR

MIR-NIR

Optical-UV

X-ray Gamma

HE VHE

Accretion disc
Hot corona
Reflection

Dusty torus
"Soft excess"

Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Adapted from Padovani et al. A&AR (2017)

Low energies
High energies

• The identification of hadronic signatures would reveal AGN as cosmic ray accelerators, solving a 
long-standing question of UHECR origin. 

• It would also provide insights into the particle acceleration in extreme EM and gravitational environments. 
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Hadronic processes in AGN
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Hadronic processes in AGN
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• Challenges for hadronic EM identification:

Hadronic processes in AGN
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• Challenges for hadronic EM identification:
• Degeneracy between leptonic/hadronic/hybrid EM SED models.
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• Challenges for hadronic EM identification:
• Degeneracy between leptonic/hadronic/hybrid EM SED models.

• Neutrinos are a smoking-gun signature of hadronic processes.

Hadronic processes in AGN
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High-energy astrophysical neutrinos

• Astrophysical neutrino flux detected by the 
IceCube neutrino observatory in the 10 TeV - 10 
PeV energy range. 

• Atmospheric origin excluded at >8σ. 

• Flux > 200 TeV consistent with a power-law spectrum 
with index ~ 2.2-2.8. 

• Astrophysical flux dominates above ~200 TeV.

8
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Figure 4: Summary of diffuse neutrino observations (per flavor) by IceCube. The black and gray data show

IceCube’s measurement of the atmospheric ⌫e+ ⌫̄e [23, 24] and ⌫µ+ ⌫̄µ [25] spectra. The magenta line and magenta-

shaded area indicate the best-fit and 1� uncertainty range of a power-law fit to the six-year HESE data. Note

that the HESE analysis vetoes atmospheric neutrinos and can probe astrophysical neutrinos below the atmospheric

neutrino flux, as indicated in the plot (cf. Fig. 6). The corresponding fit to the eight-year ⌫µ+ ⌫̄µ analysis is shown

in red.

the deposited energy from the observed light pool is, however, relatively straightforward, and a

resolution of better than 15 % is possible; the same value holds for the reconstruction of the energy

deposited by a muon track inside the detector.

2. Status Of the Observations of Cosmic Neutrinos

For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly

100,000 per year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic-

ray muons (see Fig. 1), while the second is to identify the small fraction of these neutrinos that is

astrophysical in origin, roughly at the level of tens of events per year. Atmospheric neutrinos are

an overwhelming background for cosmic neutrinos, at least at neutrino energies below ⇠ 300TeV.

Above this energy, the atmospheric neutrino flux reduces to less than one event per year, even in

a kilometer-scale detector, and thus events in that energy range are cosmic in origin.

9

(Ahlers & Halzen 2018)

Astrophysical 
nu spectrum
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Astrophysical neutrinos - Sky distribution

• Consistent with isotropic distribution, favors extragalactic origin.  

• No apparent correlation with Galactic plane.
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Figure 8: Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the

results of the eight-year upgoing track analysis [28] with reconstructed muon energy Eµ & 200 TeV (�). The events

of the six-year high-energy starting event (HESE) analysis with deposited energy larger than 100 TeV (tracks ⌦ and

cascades �) are also shown [98, 99, 28]. The thin circles indicate the median angular resolution of the cascade events

(�). The blue-shaded region indicates the zenith-dependent range where Earth absorption of 100 TeV neutrinos

becomes important, reaching more than 90% close to the nadir. The dashed line indicates the horizon and the star

(?) the Galactic Center. We highlight the four most energetic events in both analyses by their deposited energy

(magenta numbers) and reconstructed muon energy (red number).

by the Auger observatory [101] (green data). This might indicate a common origin of the signal

and provides excellent conditions for multi-messenger studies.

A challenge to most galactic and extragalactic scenarios is the large neutrino flux in the range

of 10 � 100 TeV, which implies an equally high intensity of gamma rays from the decay of neu-

tral pions produced along with the charged pions that are the source of the observed neutrino

flux [14]. For extragalactic scenarios, this gamma-ray emission is not directly observed because of

strong absorption of photons by e
+
e
� pair production in the extragalactic background light (EBL)

and CMB. The high-energy leptons initiate electromagnetic showers of repeated inverse-Compton

scattering and pair production in the CMB that eventually yield photons that contribute to the

Fermi �-ray observations in the GeV-TeV range.

The extragalactic �-ray background observed by Fermi [100] has contributions from identified

15

(Ahlers & Halzen 2018)

Deposited energy > 100 TeV

Muon energy > 200 TeV
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Astrophysical neutrinos - Sky distribution

• Consistent with isotropic distribution, favors extragalactic origin.  

• No apparent correlation with Galactic plane.
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Figure 8: Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the

results of the eight-year upgoing track analysis [28] with reconstructed muon energy Eµ & 200 TeV (�). The events

of the six-year high-energy starting event (HESE) analysis with deposited energy larger than 100 TeV (tracks ⌦ and

cascades �) are also shown [98, 99, 28]. The thin circles indicate the median angular resolution of the cascade events

(�). The blue-shaded region indicates the zenith-dependent range where Earth absorption of 100 TeV neutrinos

becomes important, reaching more than 90% close to the nadir. The dashed line indicates the horizon and the star

(?) the Galactic Center. We highlight the four most energetic events in both analyses by their deposited energy

(magenta numbers) and reconstructed muon energy (red number).

by the Auger observatory [101] (green data). This might indicate a common origin of the signal

and provides excellent conditions for multi-messenger studies.

A challenge to most galactic and extragalactic scenarios is the large neutrino flux in the range

of 10 � 100 TeV, which implies an equally high intensity of gamma rays from the decay of neu-

tral pions produced along with the charged pions that are the source of the observed neutrino

flux [14]. For extragalactic scenarios, this gamma-ray emission is not directly observed because of

strong absorption of photons by e
+
e
� pair production in the extragalactic background light (EBL)

and CMB. The high-energy leptons initiate electromagnetic showers of repeated inverse-Compton

scattering and pair production in the CMB that eventually yield photons that contribute to the

Fermi �-ray observations in the GeV-TeV range.

The extragalactic �-ray background observed by Fermi [100] has contributions from identified

15

(Ahlers & Halzen 2018)

Deposited energy > 100 TeV

Muon energy > 200 TeV

• HE event rate is low. ~O(10) events / year.
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Multimessenger context
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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±
) and neutral pions (⇡0

) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �+ ! ⇡
0 + p and p + � ! �+ ! ⇡

+ + n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡0 + ⇡
+ + ⇡

�] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between

17

Ahlers & Halzen (arXiv/1805.11112)

• The higher energy end of the Fermi IGRB is dominated by unresolved BL Lacs (e.g. Di Mauro et al. 
arXiv/1311.5708) 

• Implications regarding the gamma-ray opacity of the sources.
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Questions for multimessenger studies of AGN

• What is the timescale of the multimessenger emission? Steady flux vs flares. 
Acceleration and interaction timescales for cosmic rays.  

• Where are neutrinos and hadronic gammas produced? Opacity of the 
source to gamma rays, cascading. 

• In what energy range is the hadronic emission more prominent? Are all VHE 
gamma rays absorbed? Is the X-ray to MeV range the best range for follow-up 
studies. 

• Is there a prototypical neutrino AGN class or several? Spectral features, etc.

11
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Connecting the neutrino astrophysical flux with AGN

• Time/spatial autocorrelations 
• Clustering of neutrino events in time and space.   

• Correlations with multimessenger signals 
• Association of neutrino clusters or high-energy neutrino events with known 

AGN (quiescent or flaring).  

• Association between single high-energy neutrinos of potential astrophysical 
origin and EM sources. Potential for singling out processes within those 
sources.

12
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2LAC-blazar contribution to TeV-PeV neutrinos 5

All 2LAC Blazars

Figure 1. Distribution of sources in the sky for the largest and smallest sample of blazars (in equatorial Mollweide projection) — (left)
The largest sample, all 2LAC blazars (862 sources) — (right) The smallest sample, LSP-BL Lacs (68 sources). The excluded region of the
catalogue (|b|  10�) is highlighted in red.

Figure 2. Visualization of the source overlap between the di↵er-
ent blazar populations.

to neutrino sources in this region by at least 1 order of
magnitude for spectra softer than E�2. Only for harder
spectra, the southern sky has a significant contribution to
the overall sensitivity. The northern sky does not require
such an energy cut, as upgoing tracks can only originate
from neutrino interactions, which have a much lower inci-
dence rate. However, at very high energies (again around
100TeV), the Earth absorbs a substantial fraction of neu-
trinos, reducing also the expected astrophysical signal.
Charged-current ⌫µ-interactions can happen far outside
the instrumented volume and still be detected, as high-
energy muons may travel several kilometers through the
glacial ice before entering the detector. This e↵ect in-
creases the e↵ective detection area for certain arrival di-
rections, mostly around the horizon.

The most sensitive region is therefore around the ce-
lestial equator, which does not require a high energy cut,
provides ample target material surrounding the detec-
tor, i.e. a large e↵ective area, and does not su↵er from
absorption of neutrinos above 100 TeV. However, these
zenith-dependent sensitivity changes are mostly impor-
tant for the interpretation of the results (see e.g. section
5.3). The likelihood approach takes these di↵erences into
account with the ”acceptance” term in eq. (6), section
4.1, and a separation into several zenith-dependent anal-
yses is not necessary. For more details on the properties
of the datasets and the zenith-dependent sensitivity be-
haviour, we refer to Aartsen et al. (2013b) and Aartsen

et al. (2014b).

4. ANALYSIS

4.1. The likelihood function for unbinned ML stacking

The analysis is performed via an extended unbinned
maximum likelihood fit (Barlow 1990). The likelihood
function consists of two PDFs, one PDF B(x) for a back-
ground hypothesis and one PDF S(x) for a signal hy-
pothesis. Requiring the total number of observed events
to be the sum of the signal and background events, the
log-likelihood function can be written as

ln(L){ns, �SI} =
NX

i=1

ln
⇣ns

N
· S(�i, RAi, �i, "i; �SI)

+
⇣
1 � ns

N

⌘
· B(sin(�i), "i)

⌘
,

(1)

where i indexes individual neutrino events. The likeli-
hood function depends on two free parameters: the nor-
malization factor ns and spectral index �SI of the total
blazar signal. For computational reasons we assume that
each source of a given population shares the same spec-
tral index. The background evaluation for each event
depends on the reconstructed declination �i and the re-
constructed muon energy "i. The signal part addition-
ally depends on the reconstructed right ascension RAi,
the angular error estimator �i and the power-law spectral
index �SI.

The background PDF is constructed from binning the
recorded data in reconstructed declination and energy.
It is evaluated as

B(sin(�i), "i) =
1

2⇡
· f(sin(�i), "i), (2)

where 1
2⇡ arises from integration over the right ascension

and f is the normalized joint probability distribution of
the events in declination sin(�) and energy ".

The signal PDF that describes a given blazar popula-
tion is a superposition of the individual PDFs for each
source,

S(�i, RAi, �i, "i; �SI)

=

PNsrc

j=1 wj · Sj(�i, RAi, �i, "i; �SI)
PNsrc

j=1 wj

,
(3)

where wj is a weight determining the relative normaliza-

Neutrinos from GEV gamma-ray blazars
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IceCube 
arXiv/1710.01179 
arXiv/1611.03874IceCube

2LAC-blazar contribution to TeV-PeV neutrinos 9

Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6 ⇥ 10�12 4.6 (3.8 � 5.3) ⇥ 10�12

FSRQs 0.8 ⇥ 10�12 2.1 (1.0 � 3.1) ⇥ 10�12

LSPs 1.0 ⇥ 10�12 1.9 (1.2 � 2.6) ⇥ 10�12

ISPs/HSPs 1.8 ⇥ 10�12 2.6 (2.0 � 3.2) ⇥ 10�12

LSP-BL Lacs 1.1 ⇥ 10�12 1.4 (0.5 � 2.3) ⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5 ⇥ 10�9 4.7 (3.9 � 5.4) ⇥ 10�9

FSRQs 0.9 ⇥ 10�9 1.7 (0.8 � 2.6) ⇥ 10�9

LSPs 0.9 ⇥ 10�9 2.2 (1.4 � 3.0) ⇥ 10�9

ISPs/HSPs 1.3 ⇥ 10�9 2.5 (1.9 � 3.1) ⇥ 10�9

LSP-BL Lacs 1.2 ⇥ 10�9 1.5 (0.5 � 2.4) ⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5 ⇥ 10�6 8.3 (7.0 � 9.7) ⇥ 10�6

FSRQs 1.7 ⇥ 10�6 3.3 (1.6 � 5.1) ⇥ 10�6

LSPs 1.6 ⇥ 10�6 3.8 (2.4 � 5.2) ⇥ 10�6

ISPs/HSPs 1.6 ⇥ 10�6 4.6 (3.5 � 5.6) ⇥ 10�6

LSP-BL Lacs 2.2 ⇥ 10�6 2.8 (1.0 � 4.6) ⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.

Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ +⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use

astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.

The equal-weighting upper limit results in a maximally
19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.

In case we assume a proportionality between the �-ray
and neutrino luminosities of the sources, the �-weighting
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All 2LAC Blazars

Figure 1. Distribution of sources in the sky for the largest and smallest sample of blazars (in equatorial Mollweide projection) — (left)
The largest sample, all 2LAC blazars (862 sources) — (right) The smallest sample, LSP-BL Lacs (68 sources). The excluded region of the
catalogue (|b|  10�) is highlighted in red.

Figure 2. Visualization of the source overlap between the di↵er-
ent blazar populations.

to neutrino sources in this region by at least 1 order of
magnitude for spectra softer than E�2. Only for harder
spectra, the southern sky has a significant contribution to
the overall sensitivity. The northern sky does not require
such an energy cut, as upgoing tracks can only originate
from neutrino interactions, which have a much lower inci-
dence rate. However, at very high energies (again around
100TeV), the Earth absorbs a substantial fraction of neu-
trinos, reducing also the expected astrophysical signal.
Charged-current ⌫µ-interactions can happen far outside
the instrumented volume and still be detected, as high-
energy muons may travel several kilometers through the
glacial ice before entering the detector. This e↵ect in-
creases the e↵ective detection area for certain arrival di-
rections, mostly around the horizon.

The most sensitive region is therefore around the ce-
lestial equator, which does not require a high energy cut,
provides ample target material surrounding the detec-
tor, i.e. a large e↵ective area, and does not su↵er from
absorption of neutrinos above 100 TeV. However, these
zenith-dependent sensitivity changes are mostly impor-
tant for the interpretation of the results (see e.g. section
5.3). The likelihood approach takes these di↵erences into
account with the ”acceptance” term in eq. (6), section
4.1, and a separation into several zenith-dependent anal-
yses is not necessary. For more details on the properties
of the datasets and the zenith-dependent sensitivity be-
haviour, we refer to Aartsen et al. (2013b) and Aartsen

et al. (2014b).

4. ANALYSIS

4.1. The likelihood function for unbinned ML stacking

The analysis is performed via an extended unbinned
maximum likelihood fit (Barlow 1990). The likelihood
function consists of two PDFs, one PDF B(x) for a back-
ground hypothesis and one PDF S(x) for a signal hy-
pothesis. Requiring the total number of observed events
to be the sum of the signal and background events, the
log-likelihood function can be written as

ln(L){ns, �SI} =
NX

i=1

ln
⇣ns

N
· S(�i, RAi, �i, "i; �SI)

+
⇣
1 � ns

N

⌘
· B(sin(�i), "i)

⌘
,

(1)

where i indexes individual neutrino events. The likeli-
hood function depends on two free parameters: the nor-
malization factor ns and spectral index �SI of the total
blazar signal. For computational reasons we assume that
each source of a given population shares the same spec-
tral index. The background evaluation for each event
depends on the reconstructed declination �i and the re-
constructed muon energy "i. The signal part addition-
ally depends on the reconstructed right ascension RAi,
the angular error estimator �i and the power-law spectral
index �SI.

The background PDF is constructed from binning the
recorded data in reconstructed declination and energy.
It is evaluated as

B(sin(�i), "i) =
1

2⇡
· f(sin(�i), "i), (2)

where 1
2⇡ arises from integration over the right ascension

and f is the normalized joint probability distribution of
the events in declination sin(�) and energy ".

The signal PDF that describes a given blazar popula-
tion is a superposition of the individual PDFs for each
source,

S(�i, RAi, �i, "i; �SI)

=

PNsrc

j=1 wj · Sj(�i, RAi, �i, "i; �SI)
PNsrc

j=1 wj

,
(3)

where wj is a weight determining the relative normaliza-

Neutrinos from GEV gamma-ray blazars

• Stacked search for neutrino emission from blazars in Fermi AGN catalogs. 
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Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6 ⇥ 10�12 4.6 (3.8 � 5.3) ⇥ 10�12

FSRQs 0.8 ⇥ 10�12 2.1 (1.0 � 3.1) ⇥ 10�12

LSPs 1.0 ⇥ 10�12 1.9 (1.2 � 2.6) ⇥ 10�12

ISPs/HSPs 1.8 ⇥ 10�12 2.6 (2.0 � 3.2) ⇥ 10�12

LSP-BL Lacs 1.1 ⇥ 10�12 1.4 (0.5 � 2.3) ⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5 ⇥ 10�9 4.7 (3.9 � 5.4) ⇥ 10�9

FSRQs 0.9 ⇥ 10�9 1.7 (0.8 � 2.6) ⇥ 10�9

LSPs 0.9 ⇥ 10�9 2.2 (1.4 � 3.0) ⇥ 10�9

ISPs/HSPs 1.3 ⇥ 10�9 2.5 (1.9 � 3.1) ⇥ 10�9

LSP-BL Lacs 1.2 ⇥ 10�9 1.5 (0.5 � 2.4) ⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5 ⇥ 10�6 8.3 (7.0 � 9.7) ⇥ 10�6

FSRQs 1.7 ⇥ 10�6 3.3 (1.6 � 5.1) ⇥ 10�6

LSPs 1.6 ⇥ 10�6 3.8 (2.4 � 5.2) ⇥ 10�6

ISPs/HSPs 1.6 ⇥ 10�6 4.6 (3.5 � 5.6) ⇥ 10�6

LSP-BL Lacs 2.2 ⇥ 10�6 2.8 (1.0 � 4.6) ⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.

Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ +⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use

astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.

The equal-weighting upper limit results in a maximally
19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.

In case we assume a proportionality between the �-ray
and neutrino luminosities of the sources, the �-weighting
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All 2LAC Blazars

Figure 1. Distribution of sources in the sky for the largest and smallest sample of blazars (in equatorial Mollweide projection) — (left)
The largest sample, all 2LAC blazars (862 sources) — (right) The smallest sample, LSP-BL Lacs (68 sources). The excluded region of the
catalogue (|b|  10�) is highlighted in red.

Figure 2. Visualization of the source overlap between the di↵er-
ent blazar populations.

to neutrino sources in this region by at least 1 order of
magnitude for spectra softer than E�2. Only for harder
spectra, the southern sky has a significant contribution to
the overall sensitivity. The northern sky does not require
such an energy cut, as upgoing tracks can only originate
from neutrino interactions, which have a much lower inci-
dence rate. However, at very high energies (again around
100TeV), the Earth absorbs a substantial fraction of neu-
trinos, reducing also the expected astrophysical signal.
Charged-current ⌫µ-interactions can happen far outside
the instrumented volume and still be detected, as high-
energy muons may travel several kilometers through the
glacial ice before entering the detector. This e↵ect in-
creases the e↵ective detection area for certain arrival di-
rections, mostly around the horizon.

The most sensitive region is therefore around the ce-
lestial equator, which does not require a high energy cut,
provides ample target material surrounding the detec-
tor, i.e. a large e↵ective area, and does not su↵er from
absorption of neutrinos above 100 TeV. However, these
zenith-dependent sensitivity changes are mostly impor-
tant for the interpretation of the results (see e.g. section
5.3). The likelihood approach takes these di↵erences into
account with the ”acceptance” term in eq. (6), section
4.1, and a separation into several zenith-dependent anal-
yses is not necessary. For more details on the properties
of the datasets and the zenith-dependent sensitivity be-
haviour, we refer to Aartsen et al. (2013b) and Aartsen

et al. (2014b).

4. ANALYSIS

4.1. The likelihood function for unbinned ML stacking

The analysis is performed via an extended unbinned
maximum likelihood fit (Barlow 1990). The likelihood
function consists of two PDFs, one PDF B(x) for a back-
ground hypothesis and one PDF S(x) for a signal hy-
pothesis. Requiring the total number of observed events
to be the sum of the signal and background events, the
log-likelihood function can be written as

ln(L){ns, �SI} =
NX

i=1

ln
⇣ns

N
· S(�i, RAi, �i, "i; �SI)

+
⇣
1 � ns

N

⌘
· B(sin(�i), "i)

⌘
,

(1)

where i indexes individual neutrino events. The likeli-
hood function depends on two free parameters: the nor-
malization factor ns and spectral index �SI of the total
blazar signal. For computational reasons we assume that
each source of a given population shares the same spec-
tral index. The background evaluation for each event
depends on the reconstructed declination �i and the re-
constructed muon energy "i. The signal part addition-
ally depends on the reconstructed right ascension RAi,
the angular error estimator �i and the power-law spectral
index �SI.

The background PDF is constructed from binning the
recorded data in reconstructed declination and energy.
It is evaluated as

B(sin(�i), "i) =
1

2⇡
· f(sin(�i), "i), (2)

where 1
2⇡ arises from integration over the right ascension

and f is the normalized joint probability distribution of
the events in declination sin(�) and energy ".

The signal PDF that describes a given blazar popula-
tion is a superposition of the individual PDFs for each
source,

S(�i, RAi, �i, "i; �SI)

=

PNsrc

j=1 wj · Sj(�i, RAi, �i, "i; �SI)
PNsrc

j=1 wj

,
(3)

where wj is a weight determining the relative normaliza-

Neutrinos from GEV gamma-ray blazars

• Stacked search for neutrino emission from blazars in Fermi AGN catalogs. 

• No neutrino emission detected. Upper limits at the level of 6-27% of all-sky flux. 
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Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6 ⇥ 10�12 4.6 (3.8 � 5.3) ⇥ 10�12

FSRQs 0.8 ⇥ 10�12 2.1 (1.0 � 3.1) ⇥ 10�12

LSPs 1.0 ⇥ 10�12 1.9 (1.2 � 2.6) ⇥ 10�12

ISPs/HSPs 1.8 ⇥ 10�12 2.6 (2.0 � 3.2) ⇥ 10�12

LSP-BL Lacs 1.1 ⇥ 10�12 1.4 (0.5 � 2.3) ⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5 ⇥ 10�9 4.7 (3.9 � 5.4) ⇥ 10�9

FSRQs 0.9 ⇥ 10�9 1.7 (0.8 � 2.6) ⇥ 10�9

LSPs 0.9 ⇥ 10�9 2.2 (1.4 � 3.0) ⇥ 10�9

ISPs/HSPs 1.3 ⇥ 10�9 2.5 (1.9 � 3.1) ⇥ 10�9

LSP-BL Lacs 1.2 ⇥ 10�9 1.5 (0.5 � 2.4) ⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5 ⇥ 10�6 8.3 (7.0 � 9.7) ⇥ 10�6

FSRQs 1.7 ⇥ 10�6 3.3 (1.6 � 5.1) ⇥ 10�6

LSPs 1.6 ⇥ 10�6 3.8 (2.4 � 5.2) ⇥ 10�6

ISPs/HSPs 1.6 ⇥ 10�6 4.6 (3.5 � 5.6) ⇥ 10�6

LSP-BL Lacs 2.2 ⇥ 10�6 2.8 (1.0 � 4.6) ⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.

Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ +⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use

astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.

The equal-weighting upper limit results in a maximally
19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.

In case we assume a proportionality between the �-ray
and neutrino luminosities of the sources, the �-weighting
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Time-dependent emission searches

• No significant temporal/spatial clustering (p-value 
18%) in a five-year all-sky all-sky search (2012-2017). 

• No emission from the June 2015 flare of 3C 279.
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Figure 10. Southern hemisphere: Left: expected background p-value distribution obtained from scrambled data in green
compared to the measured most significant pre-trial p-value (shown as the black vertical dashed line) in the Southern sky.
The inferred post-trial p-value is 24.2%. Right: the time-independent event weights, evaluated for the IC86 II-IV data in the
Southern hemisphere, at a source direction ~xs defined by the hottest spot (RA, Dec) = (89.45�, -35.95�). The best-fit Gaussian
time PDF is shown in black (dashed), with mean T̂0 and sigma �̂0.

most significant value for each hemisphere is circled. The hottest region is found in the Northern hemisphere, like in
the previous analysis period, at coordinates (RA, Dec) = (77.7�, 2.6�). The pre-trial p-value is 1.3 ⇥ 10�6, with the
best-fit number of signal events being n̂s = 25.27 for a flux with spectral index �̂ = 2.55 and the most significant time
clustering centered at T̂0 = 57573.85 MJD, with a Gaussian width �̂0 = 189.6 days. This results in a post-trial p-value
of 18.8%.

Figure 11. IC86 V-VII skymap in equatorial coordinates showing the pre-trial p-value for the best-fit flare hypothesis tested
in each direction of the sky. The strongest time-dependent Gaussian-like signal was found in the Northern sky at (RA, Dec) =
(77.7� , 2.6�), with post-trial significance of 18.8%. The solid black curve indicates the Galactic plane and the hottest spots are
circled in each hemisphere.

The right panel of Fig. 12 (13) shows the time-independent weights in blue, at a source direction ~xs defined by the
hottest spot in the Northern (Southern) hemisphere and the associated best-fit Gaussian in black. The corresponding

R. Abbasi et al. (IceCube) ApJ 911 (2021) 1, 67

arXiv/2012.01079
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Figure 1. Distribution of the sources in the catalog in equatorial coordinates. They are classified as BL Lacs (BLLs), Flat-
Spectrum Radio Quasars (FSRQs), Active Galactic Nuclei (AGNs), Starburst Galaxies (SBGs), Unidentified Blazars (UNIDBs)
and galactic sources (GALs). The red line divides the Northern hemisphere (up-going region) and the Southern hemisphere
(downgoing region) at declination � = �5�, where the background is substantially different.

with different detector configurations. Since each IceCube sample is independent, the total 10-year likelihood L is
defined as the product of the likelihoods of each single IceCube sample Lj :
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For each flare f , the likelihood in Eq. 1 is a function of four parameters described below: the total number of
signal-like events in the flare nf

s , the flare spectral index �f , the flaring time tf0 and the flare duration �f
T . They are

denoted with an arrow in the likelihood arguments to indicate that there are as many sets of these four parameters as
the number of flares. For each flare f , nf

s,j in Eq. 2 denotes the partial contribution of the j-th sample to the total
number of signal-like events in that flare, such that nf

s =
P

j n
f
s,j . Such partial contribution nf

s,j is estimated from the
relative effective area of the IceCube configuration of the j-th sample (determined by Monte Carlo simulations of the
detector and varying with spectral index and declination) and the fraction of time that the f -th flare stretches on the
data-taking period of the j-th sample.

For each IceCube sample j, with Nj total events, the likelihood in Eq. 2 is constructed from a single-flare signal
probability density function (PDF) Sj , weighted by nf

s,j and summed over all flares from a source (multi-flare signal
PDF), and a background PDF Bj . The single-flare signal PDF and the background PDF are the product of a space,
energy and time PDFs, as also described in Aartsen et al. (2015). The spatial signal PDF assumes a cluster of events
distributed according to a 2D Gaussian around the source position xs, with �i being the estimated angular uncertainty
on the xi position of the i-th event. For the signal energy PDF, that depends on the declination �i and the energy
proxy Ei of the events (the energy as measured by IceCube from visible light released in the detector by muon tracks),
an unbroken power law / E��f

is used. The spectral index �f is bound within 1  �f  4 and can be different for each
flare f . The signal time PDF of each flare f is provided by a one-dimensional Gaussian / exp [�(ti � tf0 )

2/(2�f2
T )],

where ti is the time of the i-th event. Its normalization is such that the integral of the time PDF across the up times
of each IceCube sample is 1. The central time of each Gaussian flare tf0 is constrained within the 10-year period of
the analyzed data and the flare duration �f

T cannot exceed an upper limit of 200 days, above which time-integrated
searches are more sensitive than time-dependent ones. For computational efficiency, the signal time PDF of each flare
is truncated at ±4�f

T , where the flare can be considered concluded.
The spatial background PDF is obtained through a data-driven method by scrambling the time of the events and

correcting the right ascension accordingly, assuming fixed local coordinates (azimuth, zenith). It depends only on the
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Figure 8. IC86 II-IV skymap in equatorial coordinates showing the pre-trial p-values for the best-fit flare hypothesis tested in
each direction of the sky. The strongest time-dependent Gaussian-like signal was found in the Northern sky at (RA, Dec) =
(170.4�, 28.0�), with post-trial p-value of 17.7%. The solid black curve indicates the Galactic plane and the hottest spot in each
hemisphere is circled.

When the weights are then plotted on the time axis, they immediately allow to visualize which part of the likelihood
(spatial/energy or time) dominates the significance. The right panels of Fig. 9 and 10 show the time-independent
weights (Eq. 8) at a source direction ~xs defined by the hottest spot in the Northern and Southern hemisphere respec-
tively. The best-fit Gaussian time structure with mean T̂0 and sigma �̂0 is overlaid.
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Figure 9. Northern hemisphere: Left: expected background p-value distribution obtained from scrambled data in green
compared to the measured most significant pre-trial p-value (shown as the black vertical dashed line) in the Northern sky.
The inferred post-trial p-value is 17.7%. Right: the time-independent event weights, evaluated for the IC86 II-IV data in the
Northern hemisphere, at a source direction ~xs defined by the hottest spot (RA, Dec) = (170.4�, 28.0�). The best-fit Gaussian
time PDF is shown in black (dashed), with mean T̂0 and sigma �̂0.

4.1.2. IC86 V-VII analysis

The time period of 2015 to 2017 was treated separately from the previous time period since a di↵erent event
selection was applied. Fig. 11 shows the sky map for the period 2012 to 2015, displaying the pre-trial p-values. The
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• Search for multiple “flares” from a catalog of 
sources (mostly AGN). 

• Population study shows a 3σ excess associated with 
four AGN.
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as post-trial in each hemisphere, together with the corresponding number of sources. The post-trial binomial p-value
is estimated in each hemisphere by producing many background realizations of the catalog, picking up the smallest
binomial p-value in each background realization and counting the fraction of such background binomial p-values that
are smaller than the binomial p-value observed in the data.

4. RESULTS
The point-source search identifies M87 as the most significant source in the Northern hemisphere, with a pre-trial p-

value of ploc = 4.6⇥10�4, which becomes 4.3⇥10�2 (1.7 �) post-trial. In the Southern hemisphere, the most significant
source is PKS 2233-148 with a pre-trial p-value of ploc = 0.092 and post-trial p-value of 0.72. TXS 0506+056 is the
only source of the catalog for which 2 flares are found. The time profiles of the neutrino flares reconstructed by this
analysis at the location of each source, together with their pre-trial significance �f

loc, are visualized in Fig. 2. For
the sake of clarity, the flare significance is denoted as �f

loc while the overall multi-flare significance is referred to as

�loc =
qP

f �
f2
loc. For single-flare sources (all but TXS 0506+056) the flare and multi-flare significances coincide.

Figure 2. Pre-trial flare significance �f
loc for the sources of the catalog. For all sources a single flare has been found, except

for TXS 0506+056 for which 2 flares are found. In this case, the pre-trial significance of each individual flare is calculated as
described in Appendix D. The sources of the catalog with multi-flare pre-trial significance �loc � 2 are labeled with their names.

The cumulative distributions of pre-trial p-values at the location of the sources of the catalog, used as inputs to the
population study, are shown in Fig. 3.

The pre-trial binomial p-value is shown in Fig. 4 as a function of the source index k. The smallest binomial p-value is
selected in each hemisphere and converted into a post-trial binomial p-value as described in Section 3. In the Northern
hemisphere the smallest pre-trial binomial p-value is 7.3⇥ 10�5 (3.8 �) when k = 4 sources are considered (M87, TXS
0506+056, GB6 J1542+6129, NGC 1068), corresponding to a post-trial p-value of 1.6⇥ 10�3 (3.0 �). In the Southern
hemisphere the smallest pre-trial binomial p-value is 0.71, obtained by k = 1 source (PKS 2233-148) and corresponding
to a post-trial p-value of 0.89.

The results of the two searches are summarized in Table 1. Having not found any significant time-dependent excess,
upper limits on the neutrino emission from the sources of the catalog are estimated as discussed in Appendix A, using
Eq. A1 and A2.
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One year of IceCube neutrinos

• 138,322 neutrino candidates from the first year of full IceCube operations.

• Dominated by atmospheric neutrino background. 

• Search for neutrino self-clusterings that evidence a point source.
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

2.9σ excess
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(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
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The most significant point in the Northern hemisphere
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astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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Search for point sources in 10 years of IceCube data 

• Hottest spot in the North near Seyfert galaxy NGC 1068, 2.9σ excess 

• 3.3σ from a source catalog search
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

2.9σ excess
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FIG. 9: The best-fit time-integrated astrophysical power-law neutrino flux obtained using the 10 year IceCube event
selection in the direction of NGC 1068. The shaded regions represent the 1, 2 & 3� error regions on the spectrum as
seen in Fig. 4. This fit is compared to the � and corresponding ⌫ AGN outflow models and the Fermi Pass8 (P8)
results found in Lamastra et al. [41] (which do not include modelled absorption e↵ects [36]). AGN-driven outflow
parameters are set at Rout=100 pc, vout=200 km/s, p = 2, and Lkin=1.5⇥1042 erg/s; violet: LAGN=4.2⇥1044 erg/s,

nH=104 cm�3, Fcal = 1, ⌘p = 0.2, ⌘e = 0.02, BISM = 30µG; magenta: LAGN=2.1⇥1045 erg/s, nH=120 cm�3,
Fcal = 0.5, ⌘p = 0.5, ⌘e = 0.4, BISM = 250µG; pale pink: LAGN=4.2⇥1044 erg/s, nH=104 cm�3, Fcal = 1, ⌘p = 0.3,
⌘e = 0.1, BISM = 600µG. The upper-limits in �-ray observations are taken from from H.E.S.S. (blue) Aharonian

et al. [40] and from MAGIC (black) Acciari et al. [39].
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125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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NEUTRINOS from hidden AGN cores?

• CRs are accelerated by plasma turbulence in the corona (e.g. K. Murase et al., Y. Inoue et al.) 

• Gamma-rays cascade to the MeV range. No current observational capabilities.
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2

FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

ing of several components; radio emission (see Ref. [59]),
infrared emission from a dust torus [60], optical and ul-
traviolet components from an accretion disk [61], and x
rays from a corona [33]. The latter two components are
relevant for this work.

The “blue” bump, which has been seen in many AGN,
is attributed to multitemperature blackbody emission
from a geometrically thin, optically thick disk [62]. The
averaged SEDs are provided in Ref. [63] as a function of
the Eddington ratio, λEdd = Lbol/LEdd, where Lbol and
LEdd ≈ 1.26 × 1045 erg s−1(M/107M") are bolometric
and Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in
a corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX,cut) can also be estimated
from λEdd [31, 64]. Observations have revealed the rela-
tionship between the x-ray luminosity LX and Lbol [65]
[where one typically sees LX ∼ (0.01−0.1)Lbol], by which
the disk-corona SEDs can be modeled as a function of
LX and M . In this work, we consider contributions from
AGN with the typical SMBH mass for a given LX , using
M ≈ 2.0 × 107 M" (LX/1.16 × 1043 erg s−1)0.746 [66].
The resulting disk-corona SED templates in our model
are shown in Fig. 2 (see Supplemental Material for de-
tails), which enables us to quantitatively evaluate CR,
neutrino and cascade gamma-ray emission.

Next we estimate the nucleon density np and coro-
nal magnetic field strength B. Let us consider a corona
with the radius R ≡ RRS and the scale height H , where
R is the normalized coronal radius and RS = 2GM/c2

is the Schwarzschild radius. Then the nucleon den-
sity is expressed by np ≈ τT /(σTH), where τT is the
Thomson optical depth that is typically ∼ 0.1 − 1.
The standard accretion theory [67, 68] gives the coro-
nal scale height H ≈ (Cs/VK)RRS = RRS/

√
3, where
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FIG. 2: Disk-corona SEDs used in this work, for LX = 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See
text for details.

Cs =
√

kBTp/mp = c/
√
6R is the sound velocity, and

VK =
√

GM/R = c/
√
2R is the Keplerian velocity.

For an optically thin corona, the electron temperature
is estimated by Te ≈ εX,cut/(2kB), and τT is empiri-
cally determined from ΓX and kBTe [31]. We expect
that thermal protons are at the virial temperature Tp =
GMmp/(3RRSkB) = mpc2/(6RkB), implying that the
corona may be characterized by two temperatures, i.e.,
Tp > Te [69, 70]. Finally, the magnetic field is given by
B =

√

8πnpkBTp/β with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a
given LX , parameters characterizing the corona (R, β,
α) are remaining. They are also constrained in a cer-
tain range by observations [71, 72] and numerical simu-
lations [45, 47]. For example, recent MHD simulations
show that β in the coronae can be as low as 0.1–10 (e.g.,
Refs. [41, 46]). We assume β <∼ 1− 3 and α = 0.1 for the
viscosity parameter [62], and adopt R = 30.

Stochastic proton acceleration in coronae.—Standard
AGN coronae are magnetized and turbulent, in which it
is natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this
work, we solve the known Fokker-Planck equation that
can describe the second order Fermi acceleration pro-
cess (e.g., Refs. [73–76]). Here we describe key points
in the calculations of CR spectra (see Supplemental Ma-
terial or an accompanying paper [77] for technical de-
tails). The stochastic acceleration time is given by
tacc ≈ η(c/VA)

2(H/c)(εp/eBH)2−q, where VA is the
Alfvén velocity and η is the inverse of the turbulence
strength [78, 79]. We consider q ∼ 3/2 − 5/3, which
is not inconsistent with the recent simulations [58], to-
gether with η ∼ 10. The stochastic acceleration process
is typically slower than the first order Fermi acceleration,
which competes with cooling and escape processes. We

4

disk photons are not much relevant for the photome-
son production because its threshold energy is ε̃pγ−th !
3.4 PeV (εdisk/10 eV)−1. Rather, CR protons respon-
sible for the medium-energy neutrinos should efficiently
interact via the Bethe-Heitler process because the char-
acteristic energy is ε̃BH−disk ≈ 0.5mpc2ε̄BH/εdisk !
0.47 PeV (εdisk/10 eV)−1, where ε̄BH ∼ 10(2mec2) ∼
10 MeV [87–89]. With the disk photon density ndisk ∼
Ldisk/(2πR2cεdisk) for τT <∼ 1, the effective Bethe-Heitler
optical depth (with σ̂BH ∼ 0.8× 10−30 cm2) is

fBH ≈ ndiskσ̂BHR(c/Vfall)

∼ 40 Ldisk,45.3α
−1
−1(R/30)−1/2R−1

S,13.5(10 eV/εdisk),(3)

which is much larger than fpγ . The dominance of the
Bethe-Heitler cooling is a direct consequence of the ob-
served disk-corona SEDs. The 10–100 TeV neutrino flux
is suppressed by ∼ fmes/fBH, predicting the tight rela-
tionship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
νΦν ∼ 10−7 GeV cm−2 s−1 sr−1

(

2K

1 +K

)

R−1
p

(

ξz
3

)

×
(

15fmes

1 + fBH + fmes

)(

ξCR,−1LXρX
2× 1046 erg Mpc−3 yr−1

)

.(4)

which is indeed consistent with the numerical results
shown in Fig. S5. Here K = 1 and K = 2 for pγ and
pp interactions, respectively, ξz ∼ 3 due to the redshift
evolution of the AGN luminosity density [105, 106], Rp is
the conversion factor from bolometric to differential lu-
minosities, and ξCR is the CR loading parameter defined
against the x-ray luminosity, where PCR/Pth ∼ 0.01 cor-
responds to ξCR ∼ 0.1 in our model. The ENB and EGB
are dominated by AGN with LX ∼ 1044 erg s−1 [16],
for which the effective local number density is ρX ∼
5× 10−6 Mpc−3 [106].
The pp, pγ and Bethe-Heitler processes all initiate cas-

cades, whose emission appears in the MeV range. Thanks
to the dominance of the Bethe-Heitler process, AGN re-
sponsible for the medium-energy ENB should contribute
a large fraction >∼ 10− 30% of the MeV EGB.
When turbulent acceleration operates, the reacceler-

ation of secondary pairs populated by cascades [107]
can naturally enhance the gamma-ray flux. The criti-
cal energy of the pairs, εe,cl, is determined by the bal-
ance between the acceleration time tacc and the elec-
tron cooling time te−cool (see Supplemental Material and
Refs. [107, 108]). We find that the condition for the reac-
celeration is rather sensitive to B and tacc. For exam-
ple, with β = 3 and q = 1.5, the reaccelerated pairs
can upscatter x-ray photons up to ∼ (εe,cl/mec2)

2
εX !

3.4 MeV (εe,cl/30 MeV)2(εX/1 keV), which may lead
to the MeV gamma-ray tail. This possibility is demon-
strated in Fig. S5, and the effective number fraction of
reaccelerated pairs is constrained as <∼ 0.1%.
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FIG. 4: Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN, NGC 1068. The ten-year IceCube
data [109] and the Fermi gamma-ray data [110] are shown.
For eASTROGAM [111] and AMEGO [112] sensitivities, the
observation time of 106 s is assumed. Solid thick (thin) curves
are for η = 10 and PCR/Pth = 0.7% (η = 70 and PCR/Pth =
30%), respectively. For comparison, a neutrino flux in the
starburst scenario of Murase and Waxman [106] is overlaid.

Multimessenger tests.—Our corona model robustly
predicts ∼ 0.1 − 10 MeV gamma-ray emission in ei-
ther a synchrotron or an inverse Compton cascade sce-
nario, without any primary electron acceleration (see
Fig. 4). A large flux of 10–100 TeV neutrinos should
be accompanied by the injection of Bethe-Heitler pairs
in the 100–300 GeV range (see Supplemental Material
for details) and form a fast cooling ε−2

e spectrum down
to MeV energies in the steady state. In the simple in-
verse Compton cascade scenario, the cascade spectrum
is extended up to a break energy at ∼ 1 − 10 MeV,
above which gamma rays are suppressed by γγ → e+e−.
In reality, both synchrotron and inverse Compton pro-
cesses can be important. The characteristic energy of
synchrotron emission from Bethe-Heitler pairs is εBH

syn ∼
1 MeV B2.5(εp/0.5 PeV)2 [89]. Because disk photons lie
in the ∼ 1 − 10 eV range, the Klein-Nishina effect is
important for the Bethe-Heitler pairs. Synchrotron cas-
cades occur if the photon energy density is smaller than

∼ 10B2/(8π), i.e., B >∼ 170 G L1/2
disk,45.3(R/30)−1R−1

S,13.5.

The detectability of nearby Seyferts such as NGC
1068 and ESO 138-G001 is crucial for testing the model.
MeV gamma-ray detection is promising with future tele-
scopes like eASTROGAM [111], GRAMS [113], and
AMEGO [112], e.g., AMEGO’s differential sensitivity
suggests that point sources with LX ∼ 1044 erg s−1 are
detectable up to d ∼ 70− 150 Mpc. At least a few of the
brightest sources will be detected, and detections or non-
detections of the MeV gamma-ray counterparts will sup-
port or falsify our corona model as the origin of ∼ 30 TeV

K. Murase, S. Kimura, P. Meszaros, PRL 125 (2020) 011101
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Figure 1. Sky map showing locations of 1FLE blazars used as sources in this analysis in equatorial coordinates. The marker
size for each blazar is proportional to its MeV gamma-ray flux. Also shown are the Galactic center (black cross) and Galactic
plane (red line) for reference. Note that despite some sources’ proximity to the Galactic plane, all blazars are extragalactic.

0.5� and down to about 0.005�) (Abdollahi et al. 2020). Despite these greater uncertainties in the 1FLE catalog, the
locations of the blazars do not vary greatly from their 4FGL associations. Additionally, the 1FLE source detection
methods are designed to detect faint sources while also limiting source confusion (see Principe et al. (2018) for full
explanation). This specific focus of the 1FLE catalog on detection efficiency in the 30-100 MeV photon energy range
makes it a good choice for this analysis. Of further importance is the fact that the source localization errors are still
smaller or similar to the IceCube pointing resolution, so they do not contribute significant error when correlating with
IceCube events. All this considered, without instruments that are sensitive to the MeV range of the electromagnetic
spectrum, the 1FLE catalog acts as an important bridge over previously unexplored energies. A full list of source
blazars used in this analysis and relevant quantities can be found in Appendix A.

3. DATA
The IceCube detector (Aartsen et al. 2017a) consists of 5160 digital optical modules (DOMs) arranged in a cubic

kilometer array of Antarctic ice. The main component of each DOM is a photo-multiplier tube which collects the
light created by relativistic particles traveling through the ice. These particles are produced as byproducts of neutrino
interactions and emit Cherenkov radiation when traveling faster than the local speed of light through the ice. IceCube
can detect all flavors of neutrinos, but no distinction can be made between neutrino (⌫) and anti-neutrino (⌫̄) except
in rare cases such as the Glashow resonance (Aartsen et al. 2021a). IceCube observes two main event topologies at
energies > 100 GeV: cascades and tracks. Cascade events appear as a near-spherical propagation of light resulting
from neutral-current (NC) neutrino interactions of all flavors or from charged-current (CC) interactions of electron-
and tau-neutrinos (⌫e⌫̄e and ⌫⌧ ⌫̄⌧ , respectively). At energies greater than a few hundred TeV, the CC ⌫⌧ ⌫̄⌧ interaction
can produce a double-cascade light signature as the resulting tau particle travels a distance resolvable by IceCube
(Aartsen et al. 2016). The data used in this analysis are track events. The track topology mostly results from the CC
interactions of muon-neutrinos (⌫µ + ⌫̄µ); the muon produced in these interactions travels of order several kilometers
through the Antarctic ice as it loses energy, thereby depositing light in a linear pattern. This allows for tracks to be
reconstructed with angular resolution of . 1� for neutrinos with energies & 1 TeV (Aartsen et al. 2020a). This angular
resolution is smaller than that of cascade events which makes track events favored for point source searches.

The dataset used to perform this analysis contains 1134451 IceCube track events collected between April 6, 2008
and July 8, 2018 from the entire sky. As the estimated angular uncertainty for each individual event does not include
systematic uncertainties, a minimum angular uncertainty of 0.2� is applied (Aartsen et al. 2020a). A majority of this
dataset is background events created by atmospheric neutrinos and muons resulting from cosmic ray interactions with
Earth’s atmosphere. Significant reduction of this background is achieved in the Northern hemisphere due to shielding
from muons by the Earth. Further details about the dataset and event selection methods may be found in Abbasi
et al. (2021).

NEUTRINOS from AGN cores and in the <GeV range

• Search for correlation between accretion disk luminosity for a 
large AGN sample O(104). Three selections (IR, radio and 
LLAGN). 

• Soft X-ray, IR and radio observations as proxy for accretion 
disk luminosity. 2.6σ excess for IR-selected sample.
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Accordingly, we define two samples of luminous AGN,
denoted as radio-selected AGN and infrared-selected AGN.
Since they are selected using different criteria (i.e., radio vs
IR), they allow us to test the same hypothesis (i.e., neutrino
emission from the core of luminous AGN) and to make sure
the analysis provides a coherent result once it is corrected
for the different sky coverage and x-ray contribution of
each of the two samples. IR colors can further be used to
distinguish between luminous AGN and LLAGN. We use
the ratio between the W1 (∼3.4 μm) and W2 (∼4.6 μm)
WISE color bands to define a subset of the infrared-selected
AGN that are likely of the low-luminosity type and form
our third sample, the LLAGN. Additional details about the
selection criteria are presented in Appendix A.
The cross-matching between sources in the different

catalogs used is performed using the EXTCAT code [51]. The
primary x-rays catalogs used are the ROSAT All-sky
Survey (2RXS; [52]), and the second release of the
XMM-Newton Slew Survey (XMMSL2; [53]). They have
been cross-matched to ALLWISE counterparts in [50] and
provide 106,573 (17,665) x-ray sources from the 2RXS
(XMMSL2) surveys with ALLWISE IR counterparts [49],
covering ∼95% of the extragalactic sky (jbj > 15°).
The radio-selected AGN sample was compiled by cross-
matching the 2RXS and XMMSL2 sources in this catalog
with the NRAO VLA Sky Survey (NVSS; [54]). To avoid
biases from the potential neutrino emission of gamma-ray
blazars for this analysis, the three obtained AGN samples
are further cross-matched with the 3LAC Fermi-LAT
catalog [55] to remove all known gamma-ray blazars from
the final samples. Finally, all sources below a declination of
δ < −5° are discarded, as this part of the sky is not covered
by the sample of IceCube events used in this analysis, and
IceCube’s sensitivity weakens rapidly towards the southern
hemisphere.
The radio-selected AGN sample consists of 9749 sources

with an estimated contamination from non-AGN sources of
only ∼5% and an efficiency of selecting AGN of ∼94%
(see Appendix A 1 for more details). It covers ∼55% of the
sky. The IR-selected AGN sample is the largest sample in
this analysis, and consists of 32249 sources shown in
Fig. 1. The contamination from non-AGN sources here is
∼6%, for an efficiency of selecting AGN of ∼89%. The
LLAGN sample is a subset of the IR-selected AGN sample.
A normalized parameter has been defined based on the IR
intensity ratios in the WISE W1 and W2 bands, named
Seyfertness, to distinguish Seyfert-type galaxies which are
commonly attributed as LLAGN from their more luminous
counterparts (see Appendix A 3 for details). Only AGN
with a Seyfertness ≥ 0.5 are accepted for the LLAGN
sample, resulting in a total number of 15,887 sources for
this sample. All three AGN samples are distributed over
∼53% of the sky.
The selection of the sources based on IR color ratios, in

particular efficiency, contamination and the Seyfertness

parameter, has been cross-validated using the 20% of the
sources in the 2RXS catalog that also have counterparts in
the VERONCAT [56] catalog, where spectroscopic classi-
fications for each object can be found.
There is, expectedly, significant overlap between the three

AGN samples, as shown in Fig. 2. About 82% of the radio-
selectedAGN sources are also found in the IR-selected AGN
sample. The LLAGN sample, which itself is a subset of the
IR-selected AGN sample (i.e., 100% overlap), has about
∼23% of its sources in commonwith the radio-selectedAGN
sample.
Table I summarizes the properties of the three AGN

samples created for this work, including the cumulative
x-ray flux from all sources in the respective sample and the
completeness. Completeness is defined here as the ratio
between the cumulative x-ray flux included in the sample
and the total x-ray flux expected from all AGN in the

FIG. 1. Distribution of sources in the Northern sky (δ ≥ 5 deg)
for the IR-selected AGN sample (in equatorial Mollweide
projection). Sources in and near the Galactic plane (jbj > 15°)
are excluded from analysis. The color of the sources show their
x-ray flux (2RXS or XMMSL2 x-ray flux, converted in the
common soft band 0.5–2 keV [50]) which is used as weight in the
analysis.

FIG. 2. Visualization of the source overlap between the differ-
ent AGN samples. The number of sources in common is derived
via positional cross-match within 60 arcsec search radius. The
LLAGN sample is completely included into the IR-selected AGN
sample by construction.
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5

Figure 1. Sky map showing locations of 1FLE blazars used as sources in this analysis in equatorial coordinates. The marker
size for each blazar is proportional to its MeV gamma-ray flux. Also shown are the Galactic center (black cross) and Galactic
plane (red line) for reference. Note that despite some sources’ proximity to the Galactic plane, all blazars are extragalactic.

0.5� and down to about 0.005�) (Abdollahi et al. 2020). Despite these greater uncertainties in the 1FLE catalog, the
locations of the blazars do not vary greatly from their 4FGL associations. Additionally, the 1FLE source detection
methods are designed to detect faint sources while also limiting source confusion (see Principe et al. (2018) for full
explanation). This specific focus of the 1FLE catalog on detection efficiency in the 30-100 MeV photon energy range
makes it a good choice for this analysis. Of further importance is the fact that the source localization errors are still
smaller or similar to the IceCube pointing resolution, so they do not contribute significant error when correlating with
IceCube events. All this considered, without instruments that are sensitive to the MeV range of the electromagnetic
spectrum, the 1FLE catalog acts as an important bridge over previously unexplored energies. A full list of source
blazars used in this analysis and relevant quantities can be found in Appendix A.

3. DATA
The IceCube detector (Aartsen et al. 2017a) consists of 5160 digital optical modules (DOMs) arranged in a cubic

kilometer array of Antarctic ice. The main component of each DOM is a photo-multiplier tube which collects the
light created by relativistic particles traveling through the ice. These particles are produced as byproducts of neutrino
interactions and emit Cherenkov radiation when traveling faster than the local speed of light through the ice. IceCube
can detect all flavors of neutrinos, but no distinction can be made between neutrino (⌫) and anti-neutrino (⌫̄) except
in rare cases such as the Glashow resonance (Aartsen et al. 2021a). IceCube observes two main event topologies at
energies > 100 GeV: cascades and tracks. Cascade events appear as a near-spherical propagation of light resulting
from neutral-current (NC) neutrino interactions of all flavors or from charged-current (CC) interactions of electron-
and tau-neutrinos (⌫e⌫̄e and ⌫⌧ ⌫̄⌧ , respectively). At energies greater than a few hundred TeV, the CC ⌫⌧ ⌫̄⌧ interaction
can produce a double-cascade light signature as the resulting tau particle travels a distance resolvable by IceCube
(Aartsen et al. 2016). The data used in this analysis are track events. The track topology mostly results from the CC
interactions of muon-neutrinos (⌫µ + ⌫̄µ); the muon produced in these interactions travels of order several kilometers
through the Antarctic ice as it loses energy, thereby depositing light in a linear pattern. This allows for tracks to be
reconstructed with angular resolution of . 1� for neutrinos with energies & 1 TeV (Aartsen et al. 2020a). This angular
resolution is smaller than that of cascade events which makes track events favored for point source searches.

The dataset used to perform this analysis contains 1134451 IceCube track events collected between April 6, 2008
and July 8, 2018 from the entire sky. As the estimated angular uncertainty for each individual event does not include
systematic uncertainties, a minimum angular uncertainty of 0.2� is applied (Aartsen et al. 2020a). A majority of this
dataset is background events created by atmospheric neutrinos and muons resulting from cosmic ray interactions with
Earth’s atmosphere. Significant reduction of this background is achieved in the Northern hemisphere due to shielding
from muons by the Earth. Further details about the dataset and event selection methods may be found in Abbasi
et al. (2021).

NEUTRINOS from AGN cores and in the <GeV range

• Search for correlation between accretion disk luminosity for a 
large AGN sample O(104). Three selections (IR, radio and 
LLAGN). 

• Soft X-ray, IR and radio observations as proxy for accretion 
disk luminosity. 2.6σ excess for IR-selected sample.

18

Accordingly, we define two samples of luminous AGN,
denoted as radio-selected AGN and infrared-selected AGN.
Since they are selected using different criteria (i.e., radio vs
IR), they allow us to test the same hypothesis (i.e., neutrino
emission from the core of luminous AGN) and to make sure
the analysis provides a coherent result once it is corrected
for the different sky coverage and x-ray contribution of
each of the two samples. IR colors can further be used to
distinguish between luminous AGN and LLAGN. We use
the ratio between the W1 (∼3.4 μm) and W2 (∼4.6 μm)
WISE color bands to define a subset of the infrared-selected
AGN that are likely of the low-luminosity type and form
our third sample, the LLAGN. Additional details about the
selection criteria are presented in Appendix A.
The cross-matching between sources in the different

catalogs used is performed using the EXTCAT code [51]. The
primary x-rays catalogs used are the ROSAT All-sky
Survey (2RXS; [52]), and the second release of the
XMM-Newton Slew Survey (XMMSL2; [53]). They have
been cross-matched to ALLWISE counterparts in [50] and
provide 106,573 (17,665) x-ray sources from the 2RXS
(XMMSL2) surveys with ALLWISE IR counterparts [49],
covering ∼95% of the extragalactic sky (jbj > 15°).
The radio-selected AGN sample was compiled by cross-
matching the 2RXS and XMMSL2 sources in this catalog
with the NRAO VLA Sky Survey (NVSS; [54]). To avoid
biases from the potential neutrino emission of gamma-ray
blazars for this analysis, the three obtained AGN samples
are further cross-matched with the 3LAC Fermi-LAT
catalog [55] to remove all known gamma-ray blazars from
the final samples. Finally, all sources below a declination of
δ < −5° are discarded, as this part of the sky is not covered
by the sample of IceCube events used in this analysis, and
IceCube’s sensitivity weakens rapidly towards the southern
hemisphere.
The radio-selected AGN sample consists of 9749 sources

with an estimated contamination from non-AGN sources of
only ∼5% and an efficiency of selecting AGN of ∼94%
(see Appendix A 1 for more details). It covers ∼55% of the
sky. The IR-selected AGN sample is the largest sample in
this analysis, and consists of 32249 sources shown in
Fig. 1. The contamination from non-AGN sources here is
∼6%, for an efficiency of selecting AGN of ∼89%. The
LLAGN sample is a subset of the IR-selected AGN sample.
A normalized parameter has been defined based on the IR
intensity ratios in the WISE W1 and W2 bands, named
Seyfertness, to distinguish Seyfert-type galaxies which are
commonly attributed as LLAGN from their more luminous
counterparts (see Appendix A 3 for details). Only AGN
with a Seyfertness ≥ 0.5 are accepted for the LLAGN
sample, resulting in a total number of 15,887 sources for
this sample. All three AGN samples are distributed over
∼53% of the sky.
The selection of the sources based on IR color ratios, in

particular efficiency, contamination and the Seyfertness

parameter, has been cross-validated using the 20% of the
sources in the 2RXS catalog that also have counterparts in
the VERONCAT [56] catalog, where spectroscopic classi-
fications for each object can be found.
There is, expectedly, significant overlap between the three

AGN samples, as shown in Fig. 2. About 82% of the radio-
selectedAGN sources are also found in the IR-selected AGN
sample. The LLAGN sample, which itself is a subset of the
IR-selected AGN sample (i.e., 100% overlap), has about
∼23% of its sources in commonwith the radio-selectedAGN
sample.
Table I summarizes the properties of the three AGN

samples created for this work, including the cumulative
x-ray flux from all sources in the respective sample and the
completeness. Completeness is defined here as the ratio
between the cumulative x-ray flux included in the sample
and the total x-ray flux expected from all AGN in the

FIG. 1. Distribution of sources in the Northern sky (δ ≥ 5 deg)
for the IR-selected AGN sample (in equatorial Mollweide
projection). Sources in and near the Galactic plane (jbj > 15°)
are excluded from analysis. The color of the sources show their
x-ray flux (2RXS or XMMSL2 x-ray flux, converted in the
common soft band 0.5–2 keV [50]) which is used as weight in the
analysis.

FIG. 2. Visualization of the source overlap between the differ-
ent AGN samples. The number of sources in common is derived
via positional cross-match within 60 arcsec search radius. The
LLAGN sample is completely included into the IR-selected AGN
sample by construction.
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• Search for neutrinos from Fermi 1FLE blazars (30-100 
MeV). Overlap with GeV AGN catalogs. 

• No significant detection. Upper limit 1% of the diffuse 
flux.
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Figure 3. 90% confidence level upper limit on energy-scaled neutrino (⌫µ + ⌫̄µ) flux from 1FLE blazars assuming a simple
power-law (orange) which is 1.0% of the diffuse flux measurement from Abbasi et al. (2022) (blue, shown as a 68% confidence
level band). This upper limit does not include systematic uncertainties. The spectral index shown here, � = 2.37, is the best-fit
of this diffuse measurement. The solid orange line shows the limit within the energy range which contributes 90% of the total
sensitivity. The dashed line extrapolates this limit to lower energies. The green line shows the sum of integrated gamma-
ray fluxes between 30 and 100 MeV for 1FLE blazars which are used as source weights in obtaining the shown upper limit.
Considering the relationship between this total flux and the limit from this analysis in the 30-100 MeV range, in conjunction with
a gamma-ray model, could offer insight into the contribution of hadronic interactions to the observed blazar flux distribution.

this analysis is approximately 0.86 - 1.2% (1.3 - 1.8%) of the most recent diffuse ⌫µ+ ⌫̄µ flux measurement; this diffuse
measurement uses IceCube track events observed in the northern celestial hemisphere from 2009 through 2018.

The two blazar stacking analyses previously performed by IceCube and included in Table 1 produced less stringent
constraints on the diffuse astrophysical neutrino flux. It is important to consider, however, the differences between the
analyses. In addition to the number of blazars and the energy range of the gamma-ray fluxes used to correlate with
neutrino emission, each analysis uses a different set of IceCube data and compares to a different diffuse astrophysical
neutrino flux. Each diffuse flux was measured using different sets of data and with varying methods; therefore,
comparisons of constraints on these fluxes should be made with caution. Aartsen et al. (2017b) uses IceCube data
collected from the whole sky from 2009 to 2012. It reports an UL for 862 2LAC blazars with GeV gamma-ray flux
weighting of 7% of the diffuse flux from Aartsen et al. (2015). The Aartsen et al. (2015) analysis performs a combined,
all-sky fit of six diffuse flux measurements which include both cascade and track events from data-taking periods
between 2009 and 2013. The best-fit spectral index from that analysis—which was also used to calculate the 2LAC
UL—is 2.5. The analysis of 3FHL blazars (Huber 2019) compares its UL to the diffuse ⌫µ + ⌫̄µ flux from Haack &
Wiebusch (2017) which uses IceCube track events observed in the northern sky from 2009 through 2017; it finds a
best-fit spectral index of 2.19. Huber (2019) uses a sample of IceCube events from the northern hemisphere and reports
an UL for 745 northern-sky, GeV-detected 3FHL blazars of 9.7 - 13.9% of the diffuse flux for all blazar classes; the
same analysis finds the upper limit for 101 FSRQs alone to be 2.9 - 3.8% of the diffuse flux.

For a more direct comparison with Huber (2019), the UL from the work presented in this paper is compared to the
Haack & Wiebusch (2017) diffuse flux measurement. This UL for 137 1FLE blazars (of which 106 are FSRQs) with
MeV gamma-ray flux weighting and an assumed spectral index of 2.19 is 1.1 - 1.9% of the Haack & Wiebusch (2017)
diffuse flux. It is also worth noting that TXS 0506+056, which showed significant evidence for astrophysical neutrino
emission (Aartsen et al. 2018a,b), is classified as a BL Lac, and its 30-100 MeV photon flux is roughly average in the
1FLE catalog. While it is possible that the 30-100 MeV photon energy range is not strongly correlated with emission
of TeV-PeV astrophysical neutrinos in blazars, this analysis and the comparisons presented here cannot distinguish
whether MeV or GeV photons have a stronger correlation, and further exploration is encouraged.

It should be noted that this analysis contains limitations which result from the 1FLE catalog lying outside of Fermi -
LAT’s most sensitive energy range. This results in fewer detected objects. Also, the localization and flux precisions are
worse than those in the most sensitive energies of this instrument, but are not accounted for with the methods of this

1FLE Search R. Abbasi et al. (IceCube) Submitted 2022
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Take-away points for steady agn emission

• No dominant contribution from gamma-ray bright blazars. Opaque sources? 

• Several correlations have been claimed at the ~3σ level, including the Seyfert galaxy NGC 
1068.   

• Neutrino AGN may instead be bright in the X-ray to MeV range, where observational 
capabilities are currently lacking. 
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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• IceCube-170922A: 290 TeV neutrino energy 
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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• IceCube-170922A: 290 TeV neutrino energy 
• Correlated with flaring, hard-spectrum gamma-ray 

blazar TXS 0506+056 (3 ). Additional neutrino 
emission in 2014-2015.
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Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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Figure 1. VERITAS statistical-significance sky map for the region around TXS 0506+056.
The VLBA radio location of the blazar is indicated with a ‘+’ marker. The size of the
VERITAS point spread function for this analysis, at 68% containment, is shown as a white
circle in the lower left. The ‘x’ marker indicates the best-fit position of IC 170922A, with
dashed (dotted) lines indicating the 50% (90%) confidence-level regions for the neutrino
location (from IceCube Collaboration et al. (2018)).

Photons with energies between 100 MeV and 300 GeV that were detected within

15� of the location of TXS 0506+056 were selected for the analysis, while photons

with a zenith angle larger than 100� were discarded to reduce contamination from the

Earth’s albedo. The contribution from isotropic and Galactic di↵use backgrounds,

and sources in the 3FGL catalog (Acero et al. 2015) within 15� of the source position,

were included in the spectral fit with their spectral parameters fixed to their catalog

values, while the parameters for sources within 3� were allowed to vary freely during

the source spectral fit. The blazar spectral fit was performed with a binned-likelihood

method using the P8R2 SOURCE V6 instrument response functions.

TXS 0506+056 is strongly detected during the analyzed period, with a test-statistic

(TS) of more than 2100 from the Fermi -LAT analysis. The power-law best-fit spectral

parameters are a photon index � = 2.05 ± 0.03 (consistent with the 3FGL value of

2.04 ± 0.03) and a flux normalization N0 = (1.04 ± 0.05) ⇥ 10�11 cm�2 s�1 MeV�1

at an energy E0 of 1.44 GeV, about a factor of three higher than the 3FGL value

of (3.24 ± 0.10) ⇥ 10�12 in the same units. The spectral fit was repeated in seven

independent energy bins with equal logarithmic spacing in the 0.1 - 300 GeV range.

Best-fit flux values and 68% uncertainties, shown in Fig. 2, are reported for spectral

bins with a TS larger than 4. Flux upper limits at 95% CL are quoted otherwise.
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• TXS 0506+056: Fermi blazar at z=0.34. Broad multi-wavelength follow-up campaign, led to the detection of 
the source >100 GeV by ground-based gamma-ray instruments. 

• 3σ chance coincidence correlation. Evidence for a connection between TXS 0506+056 and IC170922A.
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Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.

5 6 Abeysekara et al.

Figure 1. VERITAS statistical-significance sky map for the region around TXS 0506+056.
The VLBA radio location of the blazar is indicated with a ‘+’ marker. The size of the
VERITAS point spread function for this analysis, at 68% containment, is shown as a white
circle in the lower left. The ‘x’ marker indicates the best-fit position of IC 170922A, with
dashed (dotted) lines indicating the 50% (90%) confidence-level regions for the neutrino
location (from IceCube Collaboration et al. (2018)).

Photons with energies between 100 MeV and 300 GeV that were detected within

15� of the location of TXS 0506+056 were selected for the analysis, while photons

with a zenith angle larger than 100� were discarded to reduce contamination from the

Earth’s albedo. The contribution from isotropic and Galactic di↵use backgrounds,

and sources in the 3FGL catalog (Acero et al. 2015) within 15� of the source position,

were included in the spectral fit with their spectral parameters fixed to their catalog

values, while the parameters for sources within 3� were allowed to vary freely during

the source spectral fit. The blazar spectral fit was performed with a binned-likelihood

method using the P8R2 SOURCE V6 instrument response functions.

TXS 0506+056 is strongly detected during the analyzed period, with a test-statistic

(TS) of more than 2100 from the Fermi -LAT analysis. The power-law best-fit spectral

parameters are a photon index � = 2.05 ± 0.03 (consistent with the 3FGL value of

2.04 ± 0.03) and a flux normalization N0 = (1.04 ± 0.05) ⇥ 10�11 cm�2 s�1 MeV�1

at an energy E0 of 1.44 GeV, about a factor of three higher than the 3FGL value

of (3.24 ± 0.10) ⇥ 10�12 in the same units. The spectral fit was repeated in seven

independent energy bins with equal logarithmic spacing in the 0.1 - 300 GeV range.

Best-fit flux values and 68% uncertainties, shown in Fig. 2, are reported for spectral

bins with a TS larger than 4. Flux upper limits at 95% CL are quoted otherwise.
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• TXS 0506+056: Fermi blazar at z=0.34. Broad multi-wavelength follow-up campaign, led to the detection of 
the source >100 GeV by ground-based gamma-ray instruments. 

• 3σ chance coincidence correlation. Evidence for a connection between TXS 0506+056 and IC170922A.
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Modeling the 2017 neutrino emission

• Strong constraints on hadronic emission from X-ray observations. 
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Table 7. Model-specific parameter values for leptonic models (LMs) for TXS 0506+056 discussed in the text

LMBB1a LMBB1b LMBB1c LMBB2a LMBB2b LMBB2c LMPL1a LMPL1b LMPL2a LMPL2b

L0(max)
p [1044 erg s�1] 0.54 0.27 0.34 1 5.4 10 0.54 0.54 10 10

sp 2 2.5 3 2 2 2 2 2 2 2

�0
p,min 1 3⇥ 106 3⇥ 106 1 1 1 1 1 1 1

�0
p,max [108] 30 30 30 1.6 0.16 0.016 30 30 0.016 0.016

u0
ext [erg cm�3] 0.033 0.033 0.067 0.04 0.08

T 0 [K] 3⇥ 105 n/a

↵ n/a 3 2 3 2

"0min [keV] n/a 0.05

"0max [keV] n/a 5

Note—See Table 5 for parameter definitions, and Table 6 for parameter values common to all LMs. In LMBB models, the external photon
field is blackbody-like with comoving temperature T 0, while in LMPL models, it is a power-law between comoving energies "0min and "0max,
with photon index ↵. In all cases, u0

ext is the comoving energy density of the external photon field. Note that the isotropic-equivalent
cosmic-ray proton luminosity is Lp = �4L0

p.
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Figure 4. Leptonic Model (LMBB2b) for the
TXS 0506+056 flare (Ep. 1). Two SED cases (gray
lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with
hadronic component set to the maximum allowed proton
luminosity L(max)

p ⇡ 2 ⇥ 1050 erg s�1 (solid gray), and the
other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal
(solid red) and “twice maximal” (dashed line) cases are
also shown. Photon attenuation at "� ⇠> 3 ⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

In what follows, we show that our neutrino flux limits
are fairly insensitive to the exact parameter values that
may a↵ect the photomeson production optical depth.
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Figure 5. Upper limits on the all-flavor neutrino (⌫ + ⌫̄)
fluxes predicted for our modeling of the SED in the leptonic
(LMx) and hadronic (HMx) models.

Proton maximum energy — Motivated by the hypoth-
esis that blazars are UHECR accelerators, i.e., at ener-
gies above 3 ⇥ 1018 eV (Murase et al. 2012), we ex-
plore the e↵ect of the proton maximum energy on the
neutrino flux upper limits. We thus explore cases with
�0
p,max

= 1.6 ⇥ 108, 1.6 ⇥ 109, and 3 ⇥ 109 – see Ta-
ble 7. Our results on the neutrino fluxes are presented
in Fig. 5.
Neutrino spectra in the LMBB1x models are more

extended in energy compared to the default case
(LMBB2b). They peak around 10 PeV (100 PeV) for

16

expectation of an associated HE neutrino detection by
IceCube.

3.3. Hadronic Models (HMs)

In hadronic scenarios, while the low-energy peak in the
blazar’s SED is explained by synchrotron radiation from
relativistic primary electrons, the HE peak is explained
by EM cascades induced by pions and muons as de-
cay products of the photomeson production (Mannheim
1993; Mücke et al. 2003), or synchrotron radiation from
relativistic protons in the ultrahigh-energy range (Aha-
ronian 2000; Mücke et al. 2003). We coin this scenario
“HM”, which stands for Hadronic Model, in reference
to the hadronic origin of the �-rays. The synchrotron
and IC emission of secondary pairs may have an im-
portant contribution to the bolometric radiation of the
source. In contrast to the leptonic scenario (Sec. 3.2),
the parameters describing the proton distribution can be
directly constrained from the NuSTAR and Fermi LAT
data. For the TXS 0506+056 flare, in the hadronic sce-
nario, the SED can be fully explained without invoking
external radiation fields.
There are di↵erent combinations of parameters that

can successfully explain the SED in the HM sce-
nario (Böttcher et al. 2013; Cerruti et al. 2015). As
a starting point, we search for combinations of � and
B0 that lead to rough energy equipartition between
the magnetic field and protons, since the primary elec-
tron energy density is negligible in this scenario. With
analytical calculations we derive rough estimates of the
parameter values for equipartition: �eq ⇠ 5, B0

eq
⇠ 80 G,

R0
eq

⇠ 1016 cm, and "0p,max
⇠ 109 GeV (Petropoulou &

Dermer 2016).
The parameter values obtained by numerically mod-

eling the SED (see Fig. 6) are summarized in Table 8
and are similar to the estimates provided above. The
jet power computed for this parameter set (HM1) is
close to the minimum value expected in the hadronic
scenarios. More specifically, the absolute power of a
two-sided jet inferred for these parameters is Lj ⇡
2⇡cR02(�/2)2(u0

p + u0
e + u0

B) ⇠ 4 ⇥ 1047 erg s�1, with
u0
p ⇡ 2u0

B ⇠ 500 erg cm�3, where u0
p, u

0
e, u

0
B are comov-

ing energy densities of relativistic protons, electrons, and
magnetic fields, respectively. As demonstrated in Fig. 6,
the emission from the EM cascade forms a “bridge” be-
tween the low-energy and high-energy peaks of the SED
for � = �eq (gray dotted line). Despite minimizing the
power of the jet, the adopted set of parameters for HM1
cannot explain the SED due to the associated significant
EM cascade component.
The EM cascade emission can be suppressed if the

source becomes less opaque to the intra-source �� ab-

Table 8. Parameter values for hadronic models (HMs) for
TXS 0506+056 discussed in the text and presented in Fig. 6.

HM1 HM2 HM3

B0 [G] 85

R0 [in 1016cm] 2 3 4.5

� 5.2 10 15

L0
e [in 1043 erg s�1] 9.3 0.6 0.06

se,1 1.8

se,2 4.2 3.6 3.6

�0
e,min [in 102] 6.3 1 1

�0
e,br [in 102] 7.9 6.3 5

�0
e,max 104

L0
p [in 1046 erg s�1] 2.7 0.1 0.01

sp 2.1

�0
p,min 1

�0
p,max 2⇥ 109

Note—Parameter definitions are provided in Table 5.
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Figure 6. Hadronic Model (HM3) for the SED of
TXS 0506+056 flare (Ep. 1), as computed for di↵erent values
of the Doppler factor (gray curves), together with resulting
all-flavor neutrino fluxes (red curves) and electromagnetic
observations (colored points, showing allowed ranges at 90%
confidence). Photon attenuation at "� ⇠> 3⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

Keivani et al. (arXiv/1807.04537) 
among many others
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(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The

6

IceCube (Science 2018)
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Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The
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IceCube (Science 2018)

• Archival analysis revealed a 13±5 neutrino excess (3.5𝛔) in 2014-2015 over 110 days.
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Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The

6

IceCube (Science 2018)

• Archival analysis revealed a 13±5 neutrino excess (3.5𝛔) in 2014-2015 over 110 days.

• No follow-up campaign. What’s happening on the EM side?
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Figure 1. Multi-wavelength light curve of TXS 0506+056 composed of optical/UV data (not corrected for extinction) from
ASAS-SN and Swift-UVOT (top panel), X-ray data from Swift and MAXI /GSC (middle panel), and gamma-ray data (in bins of
56.2 days) from Fermi-LAT (bottom panel). The shaded areas represent the epochs defined in Table 1 and used in our analysis.
The black dashed line indicates the detection time of IceCube-170922A. Swift-XRT observations after IceCube-170922A have
been taken from Keivani et al. (2018) and are shown for completeness. The MAXI /GSC and Swift-BAT upper limits have been
scaled by a factor of 1/3 for better visibility.

flux values at the central wavelength for each filter are
given in Table 2 and were used in the SED modeling
shown in Figure 2.

2.3. Swift-XRT

We use X-ray data from the Neil Gehrels Swift Ob-

servatory (Gehrels et al. 2004) X-ray telescope (XRT,
Burrows et al. 2005). Swift-XRT data products are
available though the UK Swift Science Data Centre4,
and have been analyzed by using standard pipeline com-
mands (Evans et al. 2007, 2009). The pipeline produces
light curves (i.e. count rate vs time) and spectral files
in the 0.3�10 keV energy band from all available obser-
vations. We identified five observations that fall within
the periods of interest (see middle panel in Figure 1)
and, for these, performed spectral fitting to constrain
the spectral properties of TXS 0506+056. Observations
taken after the detection of IceCube-170922A are not

4 http://www.swift.ac.uk/user objects/

included in this analysis, but are included in Figure 1
for completeness.
The X-ray spectra were binned using at least one

count per energy bin to allow the use of Cash statistics
(Cash 1979). The spectral analysis of our data was per-
formed with the xspec fitting package V. 12.10.0 (Ar-
naud 1996). All spectra were fitted with an absorbed
power-law model, where the interstellar absorption was
modeled using the tbnew code (Wilms et al. 2000, tbabs
in the newest xspec version), with Galactic abundances
for elements heavier that He (Wilms et al. 2000) and
appropriate atomic cross sections (Verner et al. 1996).
First, we fitted individual observations with a model
where all parameters were left free. Given the low statis-
tics, the derived best-fit values were not significantly
(i.e., beyond 3�) di↵erent among individual observa-
tions. We thus fitted all the individual data-sets simul-
taneously with the same model, using the same column
density for all five observations and the same power-
law slope for multiple observations within one epoch.
The normalization of each of the five spectra was left
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Table 9. Upper limits on the 100 TeV – 10 PeV
all-flavor neutrino flux and muon neutrino rate for
muons above 30 TeV.

Epoch F (max)

⌫+⌫̄ [erg cm�2 s�1] Ṅ⌫µ+⌫̄µ [yr�1]

1 8.8⇥ 10�13 0.04

2† 7.3⇥ 10�12 0.2

2‡ 3.0⇥ 10�12 0.1

3 4.6⇥ 10�12 0.2

4 3.3⇥ 10�12 0.1

2017 3.6⇥ 10�12 0.1

Note—We also list the value for the LMBB2b
model of Keivani et al. (2018) for the 2017 flare
of TXS 0506+056. The atmospheric background
muon neutrino rate in the 100 TeV – 10 PeV en-
ergy range is Ṅ atm

⌫µ+⌫̄µ ⇠ 0.01 yr�1 for an angular
resolution of 0.5 deg.

†Swift-XRT high state.

‡Swift-XRT low state.

the X-ray flux is a better probe of the maximal
neutrino flux within our model, with F

(max)

⌫+⌫̄ / FX

(right panel of Figure 3). This is partly because
the SED has a valley in the X-ray range, which is
the most important for constraining hadronic com-
ponents. The X-ray coverage of the source before
the 2017 flare is very sparse (see Figure 1), thus
preventing a more sophisticated analysis than the
one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in-between
the four epochs we chose for our analysis. Such
changes in the jet parameters could happen in
highly variable blazars (e.g., Raiteri et al. 2013;
Ahnen et al. 2017). This limitation stems from the
lack of quasi-simultaneous multi-wavelength data
for long time windows and highlights the need for
X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporane-
ous. More specifically, the X-ray spectra are com-
puted from individual Swift-XRT observations of
duration of few ks each, while the gamma-ray spec-
trum is averaged over the whole epoch of interest
(⇠ 0.5 yr). In this regard, the Swift-XRT observa-
tions are instantaneous compared to the selected
time window. So, when we translate the maximal
neutrino flux, which is mainly set by the X-ray
flux, into an expected number of events and use
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Figure 4. Same as in Figure 2, but for a case where the
model-predicted neutrino flux is compatible with the Ice-
Cube flux of epoch 4. Here, we assumed T 0

ext = 2 ⇥ 107 K
(or, equivalently, ✏0ext ' 5 keV) and L0

p = 1.7⇥ 1048 erg s�1.
All other parameters are the same as those listed in Table 8
for epoch 4.

�T = 0.5 yr as the typical duration, we may over-
estimate the number of neutrinos. The X-ray flux
variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a
factor of ⇠ 2.

5.2. Implications for the 2014-2015 neutrino flare

Here, we focus to the implications of our model for
the 2014-2015 neutrino flare. As an illustrative ex-
ample, we show in Figure 4 a case where the model-
predicted neutrino flux is compatible with the IceCube
flux of epoch 4. The parameters are the same as those
listed in Table 8, except for the characteristic external
photon energy (temperature) and the proton luminos-
ity, which now read ✏

0
ext

' 5 keV (T 0
ext

= 2 ⇥ 107 K)
and L

0
p = 1.7 ⇥ 1048 erg s�1, respectively. For the

adopted parameters, the electromagnetic emission of
the secondaries produced via photohadronic interactions
and photon-photon pair production reaches a flux of
⇠ (3 � 10) ⇥ 10�11 erg cm�2 s�1, which confirms the
analytical results of Murase et al. (2018). Such high X-
ray and gamma-ray fluxes clearly overshoot the MAXI,
Swift-BAT upper limits by a factor of ⇠ 2 � 3 and the
Fermi -LAT data by a factor of ⇠ 10, respectively. In
addition, this case is unlikely in astrophysical view, for
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• No evidence for EM flaring activity from the source in 2014-2015. 

• Most models over-predict the X-ray to gamma fluxes. 
• Multi-messenger follow ups with be crucial in the coming decade.

4 Petropoulou et al.

Figure 1. Multi-wavelength light curve of TXS 0506+056 composed of optical/UV data (not corrected for extinction) from
ASAS-SN and Swift-UVOT (top panel), X-ray data from Swift and MAXI /GSC (middle panel), and gamma-ray data (in bins of
56.2 days) from Fermi-LAT (bottom panel). The shaded areas represent the epochs defined in Table 1 and used in our analysis.
The black dashed line indicates the detection time of IceCube-170922A. Swift-XRT observations after IceCube-170922A have
been taken from Keivani et al. (2018) and are shown for completeness. The MAXI /GSC and Swift-BAT upper limits have been
scaled by a factor of 1/3 for better visibility.

flux values at the central wavelength for each filter are
given in Table 2 and were used in the SED modeling
shown in Figure 2.

2.3. Swift-XRT

We use X-ray data from the Neil Gehrels Swift Ob-

servatory (Gehrels et al. 2004) X-ray telescope (XRT,
Burrows et al. 2005). Swift-XRT data products are
available though the UK Swift Science Data Centre4,
and have been analyzed by using standard pipeline com-
mands (Evans et al. 2007, 2009). The pipeline produces
light curves (i.e. count rate vs time) and spectral files
in the 0.3�10 keV energy band from all available obser-
vations. We identified five observations that fall within
the periods of interest (see middle panel in Figure 1)
and, for these, performed spectral fitting to constrain
the spectral properties of TXS 0506+056. Observations
taken after the detection of IceCube-170922A are not

4 http://www.swift.ac.uk/user objects/

included in this analysis, but are included in Figure 1
for completeness.
The X-ray spectra were binned using at least one

count per energy bin to allow the use of Cash statistics
(Cash 1979). The spectral analysis of our data was per-
formed with the xspec fitting package V. 12.10.0 (Ar-
naud 1996). All spectra were fitted with an absorbed
power-law model, where the interstellar absorption was
modeled using the tbnew code (Wilms et al. 2000, tbabs
in the newest xspec version), with Galactic abundances
for elements heavier that He (Wilms et al. 2000) and
appropriate atomic cross sections (Verner et al. 1996).
First, we fitted individual observations with a model
where all parameters were left free. Given the low statis-
tics, the derived best-fit values were not significantly
(i.e., beyond 3�) di↵erent among individual observa-
tions. We thus fitted all the individual data-sets simul-
taneously with the same model, using the same column
density for all five observations and the same power-
law slope for multiple observations within one epoch.
The normalization of each of the five spectra was left
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Table 9. Upper limits on the 100 TeV – 10 PeV
all-flavor neutrino flux and muon neutrino rate for
muons above 30 TeV.

Epoch F (max)

⌫+⌫̄ [erg cm�2 s�1] Ṅ⌫µ+⌫̄µ [yr�1]

1 8.8⇥ 10�13 0.04

2† 7.3⇥ 10�12 0.2

2‡ 3.0⇥ 10�12 0.1

3 4.6⇥ 10�12 0.2

4 3.3⇥ 10�12 0.1

2017 3.6⇥ 10�12 0.1

Note—We also list the value for the LMBB2b
model of Keivani et al. (2018) for the 2017 flare
of TXS 0506+056. The atmospheric background
muon neutrino rate in the 100 TeV – 10 PeV en-
ergy range is Ṅ atm

⌫µ+⌫̄µ ⇠ 0.01 yr�1 for an angular
resolution of 0.5 deg.

†Swift-XRT high state.

‡Swift-XRT low state.

the X-ray flux is a better probe of the maximal
neutrino flux within our model, with F

(max)

⌫+⌫̄ / FX

(right panel of Figure 3). This is partly because
the SED has a valley in the X-ray range, which is
the most important for constraining hadronic com-
ponents. The X-ray coverage of the source before
the 2017 flare is very sparse (see Figure 1), thus
preventing a more sophisticated analysis than the
one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in-between
the four epochs we chose for our analysis. Such
changes in the jet parameters could happen in
highly variable blazars (e.g., Raiteri et al. 2013;
Ahnen et al. 2017). This limitation stems from the
lack of quasi-simultaneous multi-wavelength data
for long time windows and highlights the need for
X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporane-
ous. More specifically, the X-ray spectra are com-
puted from individual Swift-XRT observations of
duration of few ks each, while the gamma-ray spec-
trum is averaged over the whole epoch of interest
(⇠ 0.5 yr). In this regard, the Swift-XRT observa-
tions are instantaneous compared to the selected
time window. So, when we translate the maximal
neutrino flux, which is mainly set by the X-ray
flux, into an expected number of events and use
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Figure 4. Same as in Figure 2, but for a case where the
model-predicted neutrino flux is compatible with the Ice-
Cube flux of epoch 4. Here, we assumed T 0

ext = 2 ⇥ 107 K
(or, equivalently, ✏0ext ' 5 keV) and L0

p = 1.7⇥ 1048 erg s�1.
All other parameters are the same as those listed in Table 8
for epoch 4.

�T = 0.5 yr as the typical duration, we may over-
estimate the number of neutrinos. The X-ray flux
variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a
factor of ⇠ 2.

5.2. Implications for the 2014-2015 neutrino flare

Here, we focus to the implications of our model for
the 2014-2015 neutrino flare. As an illustrative ex-
ample, we show in Figure 4 a case where the model-
predicted neutrino flux is compatible with the IceCube
flux of epoch 4. The parameters are the same as those
listed in Table 8, except for the characteristic external
photon energy (temperature) and the proton luminos-
ity, which now read ✏

0
ext

' 5 keV (T 0
ext

= 2 ⇥ 107 K)
and L

0
p = 1.7 ⇥ 1048 erg s�1, respectively. For the

adopted parameters, the electromagnetic emission of
the secondaries produced via photohadronic interactions
and photon-photon pair production reaches a flux of
⇠ (3 � 10) ⇥ 10�11 erg cm�2 s�1, which confirms the
analytical results of Murase et al. (2018). Such high X-
ray and gamma-ray fluxes clearly overshoot the MAXI,
Swift-BAT upper limits by a factor of ⇠ 2 � 3 and the
Fermi -LAT data by a factor of ⇠ 10, respectively. In
addition, this case is unlikely in astrophysical view, for
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Many modeling efforts for 2014-15/17: 
Reimer+ 2019, Cerruti+ 2018, Zhang+ 
2018, Keivani 2018+, Petropoulou+ 2019

• No evidence for EM flaring activity from the source in 2014-2015. 

• Most models over-predict the X-ray to gamma fluxes. 
• Multi-messenger follow ups with be crucial in the coming decade.

4 Petropoulou et al.

Figure 1. Multi-wavelength light curve of TXS 0506+056 composed of optical/UV data (not corrected for extinction) from
ASAS-SN and Swift-UVOT (top panel), X-ray data from Swift and MAXI /GSC (middle panel), and gamma-ray data (in bins of
56.2 days) from Fermi-LAT (bottom panel). The shaded areas represent the epochs defined in Table 1 and used in our analysis.
The black dashed line indicates the detection time of IceCube-170922A. Swift-XRT observations after IceCube-170922A have
been taken from Keivani et al. (2018) and are shown for completeness. The MAXI /GSC and Swift-BAT upper limits have been
scaled by a factor of 1/3 for better visibility.

flux values at the central wavelength for each filter are
given in Table 2 and were used in the SED modeling
shown in Figure 2.

2.3. Swift-XRT

We use X-ray data from the Neil Gehrels Swift Ob-

servatory (Gehrels et al. 2004) X-ray telescope (XRT,
Burrows et al. 2005). Swift-XRT data products are
available though the UK Swift Science Data Centre4,
and have been analyzed by using standard pipeline com-
mands (Evans et al. 2007, 2009). The pipeline produces
light curves (i.e. count rate vs time) and spectral files
in the 0.3�10 keV energy band from all available obser-
vations. We identified five observations that fall within
the periods of interest (see middle panel in Figure 1)
and, for these, performed spectral fitting to constrain
the spectral properties of TXS 0506+056. Observations
taken after the detection of IceCube-170922A are not

4 http://www.swift.ac.uk/user objects/

included in this analysis, but are included in Figure 1
for completeness.
The X-ray spectra were binned using at least one

count per energy bin to allow the use of Cash statistics
(Cash 1979). The spectral analysis of our data was per-
formed with the xspec fitting package V. 12.10.0 (Ar-
naud 1996). All spectra were fitted with an absorbed
power-law model, where the interstellar absorption was
modeled using the tbnew code (Wilms et al. 2000, tbabs
in the newest xspec version), with Galactic abundances
for elements heavier that He (Wilms et al. 2000) and
appropriate atomic cross sections (Verner et al. 1996).
First, we fitted individual observations with a model
where all parameters were left free. Given the low statis-
tics, the derived best-fit values were not significantly
(i.e., beyond 3�) di↵erent among individual observa-
tions. We thus fitted all the individual data-sets simul-
taneously with the same model, using the same column
density for all five observations and the same power-
law slope for multiple observations within one epoch.
The normalization of each of the five spectra was left
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Table 9. Upper limits on the 100 TeV – 10 PeV
all-flavor neutrino flux and muon neutrino rate for
muons above 30 TeV.

Epoch F (max)

⌫+⌫̄ [erg cm�2 s�1] Ṅ⌫µ+⌫̄µ [yr�1]

1 8.8⇥ 10�13 0.04

2† 7.3⇥ 10�12 0.2

2‡ 3.0⇥ 10�12 0.1

3 4.6⇥ 10�12 0.2

4 3.3⇥ 10�12 0.1

2017 3.6⇥ 10�12 0.1

Note—We also list the value for the LMBB2b
model of Keivani et al. (2018) for the 2017 flare
of TXS 0506+056. The atmospheric background
muon neutrino rate in the 100 TeV – 10 PeV en-
ergy range is Ṅ atm

⌫µ+⌫̄µ ⇠ 0.01 yr�1 for an angular
resolution of 0.5 deg.

†Swift-XRT high state.

‡Swift-XRT low state.

the X-ray flux is a better probe of the maximal
neutrino flux within our model, with F

(max)

⌫+⌫̄ / FX

(right panel of Figure 3). This is partly because
the SED has a valley in the X-ray range, which is
the most important for constraining hadronic com-
ponents. The X-ray coverage of the source before
the 2017 flare is very sparse (see Figure 1), thus
preventing a more sophisticated analysis than the
one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in-between
the four epochs we chose for our analysis. Such
changes in the jet parameters could happen in
highly variable blazars (e.g., Raiteri et al. 2013;
Ahnen et al. 2017). This limitation stems from the
lack of quasi-simultaneous multi-wavelength data
for long time windows and highlights the need for
X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporane-
ous. More specifically, the X-ray spectra are com-
puted from individual Swift-XRT observations of
duration of few ks each, while the gamma-ray spec-
trum is averaged over the whole epoch of interest
(⇠ 0.5 yr). In this regard, the Swift-XRT observa-
tions are instantaneous compared to the selected
time window. So, when we translate the maximal
neutrino flux, which is mainly set by the X-ray
flux, into an expected number of events and use
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Figure 4. Same as in Figure 2, but for a case where the
model-predicted neutrino flux is compatible with the Ice-
Cube flux of epoch 4. Here, we assumed T 0

ext = 2 ⇥ 107 K
(or, equivalently, ✏0ext ' 5 keV) and L0

p = 1.7⇥ 1048 erg s�1.
All other parameters are the same as those listed in Table 8
for epoch 4.

�T = 0.5 yr as the typical duration, we may over-
estimate the number of neutrinos. The X-ray flux
variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a
factor of ⇠ 2.

5.2. Implications for the 2014-2015 neutrino flare

Here, we focus to the implications of our model for
the 2014-2015 neutrino flare. As an illustrative ex-
ample, we show in Figure 4 a case where the model-
predicted neutrino flux is compatible with the IceCube
flux of epoch 4. The parameters are the same as those
listed in Table 8, except for the characteristic external
photon energy (temperature) and the proton luminos-
ity, which now read ✏

0
ext

' 5 keV (T 0
ext

= 2 ⇥ 107 K)
and L

0
p = 1.7 ⇥ 1048 erg s�1, respectively. For the

adopted parameters, the electromagnetic emission of
the secondaries produced via photohadronic interactions
and photon-photon pair production reaches a flux of
⇠ (3 � 10) ⇥ 10�11 erg cm�2 s�1, which confirms the
analytical results of Murase et al. (2018). Such high X-
ray and gamma-ray fluxes clearly overshoot the MAXI,
Swift-BAT upper limits by a factor of ⇠ 2 � 3 and the
Fermi -LAT data by a factor of ⇠ 10, respectively. In
addition, this case is unlikely in astrophysical view, for
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Main challenges for neutrino studies of AGN

Neutrinos 

• Neutrino rates are low (IceCube provides O(10) 
events / year at > 100 TeV. 

• Angular resolution is poor (~0.5 - 1 deg) limiting 
association studies. 

EM 

• Limited sky coverage with sufficient sensivity. 

• No coverage is some critical energy bands (hard 
X-ray to MeV, VHE)
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Table 9. Upper limits on the 100 TeV – 10 PeV
all-flavor neutrino flux and muon neutrino rate for
muons above 30 TeV.

Epoch F (max)

⌫+⌫̄ [erg cm�2 s�1] Ṅ⌫µ+⌫̄µ [yr�1]

1 8.8⇥ 10�13 0.04

2† 7.3⇥ 10�12 0.2

2‡ 3.0⇥ 10�12 0.1

3 4.6⇥ 10�12 0.2

4 3.3⇥ 10�12 0.1

2017 3.6⇥ 10�12 0.1

Note—We also list the value for the LMBB2b
model of Keivani et al. (2018) for the 2017 flare
of TXS 0506+056. The atmospheric background
muon neutrino rate in the 100 TeV – 10 PeV en-
ergy range is Ṅ atm

⌫µ+⌫̄µ ⇠ 0.01 yr�1 for an angular
resolution of 0.5 deg.

†Swift-XRT high state.

‡Swift-XRT low state.

the X-ray flux is a better probe of the maximal
neutrino flux within our model, with F

(max)

⌫+⌫̄ / FX

(right panel of Figure 3). This is partly because
the SED has a valley in the X-ray range, which is
the most important for constraining hadronic com-
ponents. The X-ray coverage of the source before
the 2017 flare is very sparse (see Figure 1), thus
preventing a more sophisticated analysis than the
one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in-between
the four epochs we chose for our analysis. Such
changes in the jet parameters could happen in
highly variable blazars (e.g., Raiteri et al. 2013;
Ahnen et al. 2017). This limitation stems from the
lack of quasi-simultaneous multi-wavelength data
for long time windows and highlights the need for
X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporane-
ous. More specifically, the X-ray spectra are com-
puted from individual Swift-XRT observations of
duration of few ks each, while the gamma-ray spec-
trum is averaged over the whole epoch of interest
(⇠ 0.5 yr). In this regard, the Swift-XRT observa-
tions are instantaneous compared to the selected
time window. So, when we translate the maximal
neutrino flux, which is mainly set by the X-ray
flux, into an expected number of events and use
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Figure 4. Same as in Figure 2, but for a case where the
model-predicted neutrino flux is compatible with the Ice-
Cube flux of epoch 4. Here, we assumed T 0

ext = 2 ⇥ 107 K
(or, equivalently, ✏0ext ' 5 keV) and L0

p = 1.7⇥ 1048 erg s�1.
All other parameters are the same as those listed in Table 8
for epoch 4.

�T = 0.5 yr as the typical duration, we may over-
estimate the number of neutrinos. The X-ray flux
variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a
factor of ⇠ 2.

5.2. Implications for the 2014-2015 neutrino flare

Here, we focus to the implications of our model for
the 2014-2015 neutrino flare. As an illustrative ex-
ample, we show in Figure 4 a case where the model-
predicted neutrino flux is compatible with the IceCube
flux of epoch 4. The parameters are the same as those
listed in Table 8, except for the characteristic external
photon energy (temperature) and the proton luminos-
ity, which now read ✏

0
ext

' 5 keV (T 0
ext

= 2 ⇥ 107 K)
and L

0
p = 1.7 ⇥ 1048 erg s�1, respectively. For the

adopted parameters, the electromagnetic emission of
the secondaries produced via photohadronic interactions
and photon-photon pair production reaches a flux of
⇠ (3 � 10) ⇥ 10�11 erg cm�2 s�1, which confirms the
analytical results of Murase et al. (2018). Such high X-
ray and gamma-ray fluxes clearly overshoot the MAXI,
Swift-BAT upper limits by a factor of ⇠ 2 � 3 and the
Fermi -LAT data by a factor of ⇠ 10, respectively. In
addition, this case is unlikely in astrophysical view, for

Hard X-ray  
 MeV
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Other examples

• FSRQ PKS 0723–008 in the 
region of an high-energy 
neutrino track. 

• MOJAVE light curve shows 
steady flux increase around the 
time of the neutrino event.
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Candidate for a track-type neutrino event 3

Table 1. Details of the source detection from the Second Planck compact source catalogue. (1) Source name in the PCCS2 catalogue, (2)
frequency, (3) J2000 right-ascension, (4) J2000 declination, (5) Galactic latitude, (6) Galactic longitude, (7) flux density as determined by
aperture photometry, (8) detection flux, (9) flux density as determined by PSF photometry, (10) flux density as determined by Gaussian
photometry. Due to its closeness and brightness we identify this source as being the flat-spectrum blazar PKS 0723-008.

Source ID ν RA Dec. b l Saper Sdet SPSF SGauss

(GHz) (◦) (◦) (◦) (◦) (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

PCCS2 030 G217.71+07.23 30 111.47 −0.92 7.23 217.71 3839 ± 476 4341± 96 3765± 196 3835 ± 47
PCCS2 044 G217.72+07.23 44 111.47 −0.93 7.23 217.71 3845 ± 758 4238 ± 165 3654± 362 3581 ± 27
PCCS2 070 G217.70+07.23 70 111.46 −0.92 7.23 217.70 4080 ± 298 4009 ± 110 3899± 593 3877 ± 38
PCCS2 100 G217.68+07.21 100 111.45 −0.91 7.22 217.68 3106 ± 227 3174± 61 3138± 231 3195 ± 47
PCCS2 143 G217.68+07.22 143 111.46 −0.91 7.23 217.69 2640 ± 157 2662± 44 2700± 323 2722 ± 47
PCCS2 217 G217.70+07.23 217 111.47 −0.92 7.24 217.70 2197 ± 109 2374± 41 2334± 439 2171 ± 64
PCCS2E 353 G217.71+07.22 353 111.47 −0.93 7.22 217.71 1758 ± 252 2056± 73 1743± 538 1699 ± 157
PCCS2E 545 G217.71+07.20 545 111.45 −0.94 7.21 217.71 1388 ± 569 1799 ± 112 1141 ± 1132 1526 ± 81
PCCS2E 857 G217.68+07.21 857 111.44 −0.91 7.21 217.69 1675 ± 839 1437 ± 206 348± 2987 2092 ± 282
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Figure 1. The left-hand panel shows the Planck (listed in Table 1) and WMAP spectrum of the candidate source. The spectral index is
α30GHz,857GHz = −0.18±0.04, consistent with the criterion of Gregorini et al. (1984) of assuming −0.5 as a dividing line in spectra with
the convention S(ν) ∼ να. The steepest part of the Planck spectrum is still slightly flat by this criterion, α70GHz,545GHz = −0.45± 0.03.
The right-hand panel shows the available spectral informations of PKS 0723–008 taken from the NASA/IPAC Extragalactic Database.
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Figure 2. The radio maps of PKS 0723-008 over 12 epochs, represented on logarithmic scale with base ten. They were produced by
processing the available VLBA visibilities provided by the MOJAVE team. Iso-flux density contours are in per cent of the peak flux
density marked in the left upper corner of the maps. They increase by factors of 1, except the last two epochs (marked by stars), where
the contours increase by factors of 2. In the middle the integrated flux density of the source at 15 GHz is represented as function of the
time. The time of the corresponding neutrino detection (ID5) is indicated by a red vertical line.
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PKS 1502+106

• Neutrino event on July 30th, 
2019 

• Among the brightest FSRQs.
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FIG. 2: Temporal variation of the γ-ray and radio brightness of PKS 1502+106. a: Fermi-LAT likelihood light
curve integrated between 100MeV and 300GeV (marked by black dots with error bars). b: OVRO flux density curve of
PKS1502+106 plotted with light blue dots, that is superimposed by the radio flux density curve binned to the Fermi-LAT light
curve (marked with dark blue squares). The detection time of the neutrino IC-190730A is labeled by a vertical purple line.
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FIG. 3: Fermi-LAT γ-ray flux vs OVRO radio flux den-
sity. The coloring corresponds to the central time of the 30-
days wide bins of the Fermi light curve (see color bar). The
bin in which the neutrino IC-190730A was detected, is marked
by a black box.

of the neutrino there is a sudden suppression in the γ flux
of the blazar, which then quickly rises again afterwards.
Therefore, we find that the neutrino detection coincided
with a local γ minimum.

V. EMISSION MODEL

Comparison of the Fermi-LAT γ-ray flux and the
OVRO 15GHz flux density suggests that PKS1502+106
was operating in two modes. In the first mode, the γ-ray
flux correlated with the radio emission both in flaring and
quiet phases, with no neutrinos produced. This mode
lasted until MJD 56510.17 when the radio flux density
was at its lowest (0.71 ± 0.01Jy). In the second mode
the γ-ray flux decreased while the radio flux density re-
mained high, and at a local minimum of the γ-ray flux
IceCube detected a 300TeV neutrino from the direction
of PKS1502+106.
The above results suggest that, in the first mode, γ-

rays originate in a transparent source with insufficient
target γ-ray or proton density to produce a detectable
neutrino flux. In the second mode a dense proton or
γ-ray target field provides the opportunity to produce
neutrinos. At the same time, the target field absorbs

Kun et. al (arXiv/2009.09792) 

Neutrino emission during gamma-ray low-state?
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of the blazar, which then quickly rises again afterwards.
Therefore, we find that the neutrino detection coincided
with a local γ minimum.

V. EMISSION MODEL

Comparison of the Fermi-LAT γ-ray flux and the
OVRO 15GHz flux density suggests that PKS1502+106
was operating in two modes. In the first mode, the γ-ray
flux correlated with the radio emission both in flaring and
quiet phases, with no neutrinos produced. This mode
lasted until MJD 56510.17 when the radio flux density
was at its lowest (0.71 ± 0.01Jy). In the second mode
the γ-ray flux decreased while the radio flux density re-
mained high, and at a local minimum of the γ-ray flux
IceCube detected a 300TeV neutrino from the direction
of PKS1502+106.
The above results suggest that, in the first mode, γ-

rays originate in a transparent source with insufficient
target γ-ray or proton density to produce a detectable
neutrino flux. In the second mode a dense proton or
γ-ray target field provides the opportunity to produce
neutrinos. At the same time, the target field absorbs

Kun et. al (arXiv/2009.09792) 

Neutrino emission during gamma-ray low-state?
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Modeling of PKS 1502+106

• Rodrigues et al. argue for neutrino emission during the quiescent state of the source.  

• Lepto-hadronic and proton synchrotron models describe the broadband SED of the source. 

• Soft X-ray spectrum suggest a hadronic contribution. 

28

6 Rodrigues et al.

Figure 2. The colored curves show the predicted multi-wavelength fluxes and all-flavor neutrino spectra from PKS 1502+106
obtained with the leptohadronic model (left) and the proton synchrotron model (right) under three di↵erent parameter sets,
indicated in Tab. 2. The shaded areas correspond to the uncertainty in the non-thermal proton power, also indicated in Tab. 2.
The colored data points represent multi-wavelength flux observations during each of the three states (see Fig. 1 and Tab. 1). The
gray points show archival radio data from the source. The interaction zone responsible for the optical/UV, X-ray, gamma-ray
and neutrino emission is too compact to produce this radio emission (due to strong synchrotron self-absorption). The radio
flux must therefore originate in synchrotron emission from a larger region of the jet, and is therefore uncorrelated with neutrino
production in these models.

role. On the other hand, the photons from hadronic pro-
cesses explain the X-ray observations, especially during
the flaring states.
As we can see by the blue band in the left-hand panel

of Fig. 2, the quiescent state can be fit within a range
of proton injection luminosities, which lead to di↵erent
levels of neutrino emission. The best fit, represented
by the blue curves, has a hadronic component, which is
responsible for neutrino emission. When this hadronic
component is completely removed, we obtain the lower
limit of the blue band, and there is no neutrino emis-
sion (the blue neutrino band extends down to zero). In
this purely leptonic limit, the simultaneous data shown
in blue is not fit as well in X-rays and gamma rays
above 1 GeV. However, as mentioned earlier, all results
within the colored bands lie within the 1 � spread in the
fluxes observed during the quiescent state in the 11 year
lightcurve. Therefore, the quiescent state of the source
is in general compatible with a purely leptonic scenario.
Contrary to the quiescent state, our parameter search

has revealed that the flaring states are not easily ex-
plained by a purely leptonic scenario. The relatively
bright and soft X-ray spectrum (see pink and yellow
data points) must harden around MeV energies in order
to explain the high gamma-ray fluxes, especially during
the hard gamma-ray flares. As explained in detail be-
low, in both the proton synchrotron and leptohadronic
models these X-rays originate in cascades initiated by
high-energy hadronic photons, which provide a neces-
sary component to bridge the two humps of the emission
spectrum.

In order to help understand the details of the two
models, in Fig. 3 we break down the multi-wavelength
fluxes shown in Fig. 2 into their di↵erent radiative com-
ponents. In the three left panels, we show the processes
responsible for the emission in the leptohadronic model.
As mentioned earlier, gamma-ray fluxes are dominated
by Compton scattering (light blue curve) of the exter-
nal thermal fields. Additionally, the accelerated protons
emit photons through photo-pion production (yellow)
and Bethe-Heitler pairs, which in turn radiate through
synchrotron and inverse Compton (orange). When these
high-energy photons annihilate with lower-energy target
photons, an electromagnetic cascade is created in the jet,
whose emission is shown in green. Above 100 GeV, the
emitted radiation is strongly attenuated by EBL inter-
actions, as represented by the purple band.
Considering only the leptonic emission, we would have

necessarily a deep gap between UV and X-rays, and the
inverse Compton emission provides a hard spectrum be-
tween X-rays and gamma rays. In the quiescent state
(upper left panel), this hard inverse Compton spectrum
can explain the X-ray observations above 1 keV, while
the photons from cascades and Bethe-Heitler emission
contribute to the soft X-rays. On the contrary, in the
flaring states (middle and lower panels), the observed
X-ray flux is softer. The cascade emission is therefore
necessary in this model to explain observations in this
energy range. This seems to provide some evidence of
proton interactions in the source solely from the perspec-
tive of the multi-wavelength behaviour of the source.

Rodrigues et al. (arXiv/2009.04026)
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Radio-selected AGN

• AGN near high-energy neutrino events seem to be louder in radio. 

• Correlation significance estimated at 0.2%. 

• Similar studies with OVRO (Hovatta et al., arXiv/2009.10523) show no strong correlation at 
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The origin of high-energy neutrinos in AGN 5

Figure 1. IceCube event locations on the sky, represented by blue ellipses. Dark blue ellipses are the original reported positional
error regions, light blue ones are enlarged to account for unknown systematics according to our analysis, see Section 3.1 for
details and Section 2.1 for the event sample selection. Stars represent all AGN within neutrino error regions from our complete
VLBI sample of AGN. Color represents the 8 GHz flux density integrated over the VLBI images of these AGN. Members of
the complete 8-GHz VLBI sample down to 150 mJy located outside the ellipses are shown by grey dots. The shown object
names denote four AGN with the strongest parsec-scales jets that are the most probable neutrino associations according to our
analysis: 1253�055 (3C 279), 1730�130 (NRAO 530), PKS 1741�038, and PKS 2145+067. We also show the location of the
first neutrino association TXS 0506+056.

monitored part of the sample, with 3-4 epochs per year,
is restricted to a declination range from �30� to +43�.
This range covers almost all of the IceCube high-energy
track events in our sample. The full RATAN-600 dataset
we use in our analysis has 1099 sources observed at least
five times, 758 of which observed at least ten times.
There is a rich multi-frequency dataset produced by

the F-GAMMA AGN broad-band spectrum monitoring
program (Fuhrmann et al. 2016). Unfortunately, the
published data cover the period until 2015 only (An-
gelakis et al. 2019). This is not long enough for our
analysis since many neutrino events were collected after
2015. We have not used these data in the paper.

3. STATISTICAL ANALYSIS

3.1. Flux Density of AGN Radio Emission from
Parsec Scales

We use the average historic VLBI flux density of AGN
(Section 2.2) to determine whether neutrino-emitting
ones tend to be stronger in terms of their radio emission

from compact parsec-scale central regions. We average
the flux density over all the sources lying inside the er-
ror regions of IceCube events and take this value as the
test statistic v. Then we test if it is significantly higher
than could arise by chance for randomly-selected AGN.
A Monte-Carlo method is employed for this testing in
the following way:

• Compute the statistic of interest using real posi-
tions of IceCube events. Denote its value as vreal.

• Repeat N = 10000 times the following:

Plavin et al. (arXiv/2001.00930) The origin of high-energy neutrinos in AGN 7

Figure 3. Average of VLBI flux densities for AGN inside
the IceCube error regions shown as a black triangle in com-
parison to 68%Monte-Carlo interval (blue horizontal line) for
randomly-shifted events. Flux densities for individual AGN
inside the error regions are also shown as vertical black ticks
for information.

above. The computed post-trial p-value is thus unaf-
fected by the multiple comparisons issue.
This approach results in the chance probability p =

0.2% of the average flux density of AGN around Ice-
Cube detections being as high as observed; thus, we con-
clude that the e↵ect is significant. The minimum pre-
trial p-value is 0.09% obtained for the additional error of
x = 0.5�. This x can be interpreted as a rough estimate
of IceCube systematic errors, though more knowledge
about the distribution of statistical uncertainty than
available in the event catalogs is required to study it
in more detail. We note that our result is in a very good
agreement with the independent IceCube systematic er-
rors estimate, < 1�, discussed in Section 2.1. Further in
this subsection and in Figures 1, 2, and 3, we use the
statistical error regions enlarged by this value, x = 0.5�.
Figure 1 demonstrates IceCube events on the sky to-

gether with AGN from our complete sample. Figure 2
specifically illustrates changes in the number of AGN
and in the angular distance distribution when taking
systematic errors into account. Figure 3 compares the
average of actual VLBI flux density values for AGN
within the neutrino error regions to Monte-Carlo real-
izations of this average for randomly-shifted positions of
neutrino events. This figure highlights that the actual
AGN being selected as possible neutrino counterparts
are, on average, stronger on parsec scales. Note that
the same analysis we performed for AGN observations
at 2, 5, 15, and 22 GHz resulted in a similar outcome.
However, we do not use these results here because only
the 8 GHz VLBI sample has the desired completeness
as discussed in Section 2.2.
We stress that VLBI observations are crucial for this

result. This can be illustrated by repeating the same
analysis for the NVSS (NRAO VLA Sky Survey, Con-
don et al. 1998) catalog containing a complete sample

Figure 4. Significance level of AGN within IceCube error
regions being stronger in terms of VLBI flux density when
removing up to four strongest sources from the analysis. Hor-
izontal lines indicate significance levels corresponding to 2�
and 3� di↵erence for a Gaussian distribution.

of 2 million radio sources without selection by the com-
pact VLBI component. We find that it does not show
any significant di↵erence in flux density between the
sources inside IceCube error regions and randomly se-
lected ones. However, limiting this analysis to the inter-
section of NVSS and our 8 GHz VLBI complete sample
(2919 sources) leads to a marginally significant di↵erence
in NVSS flux density: minimum pre-trial p-value is 2%.
This e↵ect does not appear when analysing the same
number of sources selected as strongest by NVSS flux
density itself. It would be interesting to analyze VLASS
(VLA Sky Survey, Myers & VLASS Survey Team 2018)
in this way when the data become available, as it has
higher sensitivity and resolution compared to NVSS, and
probes scales closer to those of VLBI.
Now, after we have established that neutrino-emitting

AGN have stronger compact radio emission than av-
erage, the next logical step is to estimate how many
sources drive this e↵ect. We repeat our analysis drop-
ping the strongest sources in terms of their flux density
one by one until the significance disappears, as illus-
trated in Figure 4. The p-value rises above 5% level
when four objects are removed, and we interpret this
as a lower bound on the number of AGN likely emit-
ting high-energy neutrinos. The four strongest sources
are 1253�055 (3C 279), PKS 2145+067, PKS 1741�038,
and 1730�130 (NRAO 530). See Table 2 for their prop-
erties. None of these AGN has been singled out as
sources of the observed IceCube neutrinos in the lit-
erature before. We show their names in all the plots
containing individual sources: Figures 1, 2, and 3
Note that the TXS 0506+056 blazar possibly associ-

ated with neutrino detection 170922A (Aartsen et al.
2018a) is not among those four AGN. Its average VLBI
flux density from 13 observing epochs in 1995-2018 is

VLBI 8 GHz > 150 mJy



M. Santander - Neutrinos as multimessenger probes of AGN environments - TDAMM Workshop, Annapolis, MD, Aug 2022.

More neutrinos with better angular resolution

30

IceCube Gen2
‣ 6.2-9.5 km3 volume. >5x  

improvement in sensitivity over 
IceCube. 

‣ ~0.2° angular resolution. 

‣ Deployment to start in mid 2020s.

Baikal-GVD
‣ Target km3-scale detector 

(104 sensors). 

KM3NeT
‣ Target km3-scale detector (~4k 

sensors in ARCA) 
‣ 0.1° angular resolution

P-ONE 
South China Sea Telescope
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Gen-2 sensitivities
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Figure 10: Left: Comparison of the effective local density and luminosity of extragalactic neutrino source pop-
ulations to the discovery potential of IceCube and IceCube-Gen2. We indicate several candidate populations
(î) by the required neutrino luminosity to account for the full diffuse flux [48] (see also [111]). The orange
band indicates the luminosity / density range that is compatible with the total observed diffuse neutrino flux.
The lower (upper) edge of the band assumes rapid (no) redshift evolution. The shaded regions indicate Ice-
Cube’s (blue, dashed line) and IceCube-Gen2’s (green, solid line) ability to discover one or more sources of
the population (E2�⌫µ+⌫̄µ ⌃ 10�12 TeV/cm2/s in the Northern Hemisphere [112]). Right: The same compar-
ison for transient neutrino sources parametrized by their local rate density and bolometric energy [113]. The
discovery potential for the closest source is based on 10 years of livetime (E2F⌫µ+⌫̄µ ⌃ 0.1 GeV/cm2 in the
Northern Hemisphere [114]). Only the IceCube-Gen2 optical array has been considered for this figure.

IceCube’s capability of identifying sources is limited to high-luminosity neutrino sources
that have a low density in the local universe, such as blazars, and neutrino transients with
a low rate, such as GRBs. Accordingly, IceCube has set stringent constraints on the con-
tribution of these two source populations to the observed cosmic neutrino flux (cf. Section
2.1 and references therein), thus establishing that rather lower-luminosity / higher-density
populations must be responsible for the bulk of cosmic neutrinos. The brightest sources of
such populations would still be below the detection threshold of IceCube and can only be
identified with a more sensitive instrument.

Figure 10 compares the identification capabilities of IceCube and IceCube-Gen2 for the
most common neutrino source and transient candidates. If sources like radio-quiet and/or
low-luminosity AGNs, galaxy clusters, starburst galaxies, or transients like CCSNe pro-
duce the majority of cosmic neutrinos, they can be identified only with a detector with a five
times better sensitivity such as IceCube-Gen2. In combination with correlation or stack-
ing searches, IceCube-Gen2 can identify a cumulative signal from populations where the
closest sources have up to 20 times fainter neutrino fluxes than point sources detectable
by IceCube. So their signal remains in reach, even if several of the candidate populations
contribute similar fractions to the total observed neutrino flux.

15

IceCube-Gen2 arXiv/2008.04323

Transient sourcesSteady sources
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!3

Current status of neutrino astronomy 

First evidence for a neutrino source from the position of TXS
            threshold for further neutrino sources might be reached

IceCube is most sensitive around the horizon, but might miss 
similar sources elsewhere

IceCube 7year PS arXiv:1609.04981  ~30% sky coverage

�TXS
0 = 8 · 10�13TeV cm�2s�1

<latexit sha1_base64="9rHOd5Jj9SUyaQ6RcQ7+qi4vSsA=">AAACGnicbZDLSsNAFIYn9VbrLerSzWAR3FiSVrAboejGZcXeoIlhMpm0QycXZiZCCXkON76KGxeKuBM3vo2TNgtt/WHgn++cw8z53ZhRIQ3jWyutrK6tb5Q3K1vbO7t7+v5BT0QJx6SLIxbxgYsEYTQkXUklI4OYExS4jPTdyXVe7z8QLmgUduQ0JnaARiH1KUZSIUc3rXhMHeM+7QzuMngJmxb2IglNRc7MRgY7pAdxoC71DIqcZY5eNWrGTHDZmIWpgkJtR/+0vAgnAQklZkiIoWnE0k4RlxQzklWsRJAY4QkakaGyIQqIsNPZahk8UcSDfsTVCSWc0d8TKQqEmAau6gyQHIvFWg7/qw0T6TftlIZxIkmI5w/5CYMygnlO0KOcYMmmyiDMqforxGPEEZYqzYoKwVxcedn06jWzUavfnldbV0UcZXAEjsEpMMEFaIEb0AZdgMEjeAav4E170l60d+1j3lrSiplD8Efa1w//iZ5Y</latexit>

arXiv:1807.08816 , arXiv:1807.08794

A global neutrino telescope network
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M. Huber

~30% sky coverage from IceCube

IceCube-Gen2 arXiv/2008.04323
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• An improvement of ~25x in sensitivity could be accomplished by this network (wrt current IceCube). 

• Prompt, well-reconstructed alerts from this network would enable sensitive EM follow-ups.
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Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.
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Neil Gehrels Swift Observatory 

XRT sensitivity in the 0.3-10 keV 
Fast response, low overhead. 

110 cm2

~10-13 erg/cm2/s in ~2 ks

~0.4 deg FoV

Launched in 2004. 

SVOM (China-France)

Rapid follow-ups of GRBs

Launch date of Mid 2023

0.2-10 keV

“Lobster eye” optics with 
1 deg FoV


Jul 2020: NJU-HKU 
No.1 lobster-eye 
demonstrator launched.
Einstein Probe (China-ESA)

Mid to late 2023 launch


Einstein Probe (EP) mission

• A space observatory for all-sky monitoring to discover & study 
high-energy transients and variability in X-rays

• CAS’s mission with international participation

WXT (12 modules)  FXT(2 modules)

lobster-eye MPO + CMOS

FoV:  3600 sq deg (1.1 sr)

band: 0.5 – 5 keV soft X-ray

eff. area: ~3 cm2 @1keV 

FWHM: ~ 5’, positioning <1’

Sensitivity: 10-100 x increase

Wolter-1 type + CCD

FoV: 38’ 

band: 0.3-10keV

eff. area: 2x 300cm2 @1keV 

angular FWHM: 30”

positioning accuracy: <10”

On-board data processing

Autonomous slew & 
follow-up in 3-5 min

Fast alert data downlink 
and uplink (ToO)
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Theseus Soft X-ray Imager (SXI): 0.3 - 5 
keV

Total FoV of ~0.5 sr with a 
localization accuracy of <2’


XGIS: 2 keV - 10 MeV with FoV 
>2 sr with < 15’ GRB localization 


Not selected as of 2022.

Clampin/ASD 
10

STAR-X: Survey and Time-domain Astrophysical Research EXplorer

PI:   William W. Zhang 
DPI: Ann Hornschemeier   

X-ray Telescope (XRT) UV Telescope 
(UVT)

PSF 2.5” on-axis
10”  0.5o off-axis 4.5”

FOV 1 deg2 1 deg2

Band width 0.5 – 5 keV 160 – 350 nm

Effective 
Areas

@1keV: 1,800 cm2 on-axis
900 cm2 0.5o off-
axis

7 different filters:
25 - 55 cm2

TOO 
Response ~60 minutes 

Field of 
Regard 80% of the sky every 90 minutes

Surveying the Ever-Changing Universe Courtesy W. Zhang, NASA

PI W. Zhang (NASA)STAR-X (NASA)

Selected (with UVEX) for a MIDEX Concept Study 
x7 FoV of Swift XRT

x16 effective area  
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Association probability a critical factor
• Pointed follow-ups require a good reference catalog to compare against (e.g eROSITA). We don’t 

know (yet!) what exactly we’re looking for! 

• Sources are transient or highly variable, hampering strong predictions. An emerging pattern is necessary.  

• Calculation of probabilities is a critical factor in correlation claims.
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have to be collected after the non-EM trigger. The error regions from
neutrino or gravitational wave facilities are on the scale of degrees,
thus it often requires multiple pointings to collect the necessary EM
data. It is also not clear when is the optimal time to search for the
counterpart, as the relative time-scales of EM and non-EM radiation
depends on the physical source of the emission. For example, for
SNe the neutrino signal precedes the EM signal by many days. An
optimal follow-up facility would, therefore, have a large (ideally
all-sky) field of view, and high level of sensitivity. Due to the high
rate of transient events in the Universe, multiwavelength capabilities
are also desirable, for example to help distinguish rapidly between
GRBs and flare stars.

The Swift satellite (Gehrels et al. 2004) arguably provides the best
existing facility for the EM follow-up of non-EM triggers, at least
in X-rays. Although the X-ray telescope (XRT; Burrows et al. 2005)
has only a modest field of view (radius ∼ 0.◦2), the Swift spacecraft
is capable of rapid slewing, and has the ability to ‘tile’ regions on
the sky, so as to cover a large error region in a single spacecraft
orbit. The XRT is sensitive to 5 × 10−13 erg cm−2 s−1 in 1 ks (0.3–
10 keV), and can localize sources to a 90 per cent confidence radius
of 3.5 arcsec (improving to 1.4 arcsec for brighter sources; Goad
et al. 2007; Evans et al. 2009).

Evans et al. (2012) reported on Swift follow-up of two gravi-
tational wave triggers from the LIGO-Virgo (Abbott et al. 2009;
Accadia et al. 2012) facilities. No X-ray counterpart to the gravita-
tional triggers could be found, and indeed it transpired that neither
of the gravitational wave triggers was in fact real (one was a sub-
threshold noise event, the other an artificial signal introduced to
the data as a blind test of the detection algorithms). In this work,
we report on the search with Swift-XRT for X-ray counterparts to
20 neutrino-doublet triggers from the IceCube facility (Achterberg
et al. 2006), and discuss the challenges related to identifying the
EM counterpart. A neutrino doublet (or multiplet) was defined as
two or more neutrinos detected within 100 s of each other, and with
an angular separation of at most 3.◦5; more details about this is given
in a companion paper (Aartsen et al., in preparation).

The Swift follow-up observations began as soon as possible after
the neutrino trigger, implicitly assuming that the X-ray emission
from the astrophysical neutrino source is temporally coincident
with (or only a few hours after) the neutrino emission. We consider
two ways of identifying the X-ray counterpart: by its brightness
compared to reference catalogues, or by its temporal variability (in
particular, whether it shows signs of fading, as may be expected
following some form of outburst).

We did not set the threshold at which Swift will respond to a
neutrino trigger based on theoretical predictions of neutrino flux
(which are highly uncertain due to the lack of observational con-
straint), instead we set it such that IceCube would be expected to
produce roughly six spurious (i.e. non-astrophysical) triggers per
year, which represents a compromise between sensitivity to astro-
physical neutrinos, and the value of Swift’s observing time. The
companion paper (Aartsen et al., in preparation) will discuss the
expected rate of doublet triggers from the background and from as-
trophysical objects, and consider the lack of neutrino triplets during
this experiment.

This paper is organized as follows. In Section 2 we describe the
follow-up observing strategy employed by Swift, and in Section 3 we
overview the data analysis techniques. In Section 4 we consider the
sources detected, and attempt to identify if either of these is likely
to be the counterpart to the neutrino trigger, which we expect to be
a source undergoing some form of outburst. Finally, in Section 5 we
consider the implications of our findings for future EM follow-up

Figure 1. An example exposure map of a 7-tile Swift-XRT observation of
an IceCube trigger. This observation was taken with the on-board tiling, so
the exposure in each field has been built up over multiple spacecraft orbits;
the pointing is slightly different on each orbit, hence the blurring round the
edges of the fields. The black lines and dots are the bad columns and pixels
on the CCD.

of non-EM triggers, in particular, the expected gravitational wave
triggers from the Advanced-LIGO–Virgo facility.

Throughout the paper we have assumed a cosmology with
H0 = 71 km s−1 Mpc−1, !m = 0.27, !vac = 0.73. Unless oth-
erwise stated, all quoted errors are at the 90 per cent confidence
level, and upper limits at the 3σ (=99.7 per cent) confidence level.

2 SWIFT’S OBSERVI NG STRATEGY

Following IceCube triggers, high-priority Target of Opportunity
(ToO) requests were submitted to Swift. Due to the efficient and
flexible operation of Swift, observations were able to begin rapidly
once the ToO was received: the median time from IceCube trigger
to the first Swift observation was 1.8 h. The IceCube 50 per cent
error radius is typically >0.◦5, whereas the Swift-XRT has a field of
view of radius of 0.◦2, therefore it was necessary to observe the error
region in a series of seven overlapping ‘tiles’: an example exposure
map is shown in Fig. 1 . Initially this tiling had to be performed by
manually commanding seven separate observations as Swift Auto-
matic Targets;2 each tile was consequently observed on a separate
spacecraft orbit. Under this system, all of the requested exposure in
a given tile (typically 1–2 ks) was gathered in a single spacecraft
pointing;3 however, for each successive field the delay between the
trigger and the observation increased by ∼ 96 min (Swift’s orbital
period). On 2011 August 10 the software on-board Swift was mod-
ified to support automatic tiling. In this system, which was used
from trigger #3 onwards (Table 1), a single Automatic Target is

2 That is, the observations were not in the pre-planned science timeline,
and overrode targets which were. The times of the observations were set
automatically by the on-board software.

3 XRT can observe a single target for a maximum of 2.7 ks per 96-min
spacecraft orbit.

MNRAS 448, 2210–2223 (2015)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/448/3/2210/1100549 by guest on 07 April 2022

2220 P. A. Evans et al.

Figure 6. The sensitivity of Swift-XRT (black lines), and the expected
number of serendipitous source expected per XRT field above this limit (red
lines), as a function of exposure time. The solid lines correspond to the
50 per cent completeness level, and the dashed lines the 90 per cent com-
pleteness level. Note that the two y-axes do not correspond with each other,
but are only related via the x-axis and plotted data. The green horizontal line
shows the sensitivity limit of the RASS (Voges et al. 1999), corresponding to
0.1 PSPC ct s−1 (converted to 0.3–10 keV flux assuming the canonical AGN
spectrum described in the text), at which level the RASS covers 92 per cent
of the sky. The XSS 2–10 keV band limit is at a similar level (3 × 10−12

erg cm−2 s−1; Warwick et al. 2012).

of cases we should have found an uncatalogued source above the
RASS/XSS limit, if the neutrino triggers were related to GRBs. The
lack of any such object rules out the idea that all 20 triggers arose
from GRBs with >99 per cent (i.e. 3σ ) confidence. However, the
companion paper to this one (Aartsen et al., in preparation) shows
that many (or all) of the neutrino triggers could have been spurious;
if even half of the triggers were spurious, this significance drops to
below 3σ .

The lack of bright sources does not mean that we did not de-
tect a GRB afterglow: in more than half of the triggers, by the
time Swift observed, the afterglow would have faded below the
RASS/XSS limit. However, the ability to identify an afterglow at
these lower fluxes is hampered by the density of expected (uncata-
logued) sources, as illustrated in Fig. 6. This shows the level (black)
at which XRT is 50 and 90 per cent complete (Evans et al. 2014),
and the expected number of serendipitous sources (red) per XRT
field of view above these levels (Section 4.2) as a function of ex-
posure time. The green line corresponds to the typical RASS/XSS
limit. The XRT 90 per cent completeness level reaches the RASS
and XSS limits in an exposure of ∼ 350 s; and we expect ∼ 0.01
serendipitous sources per XRT field with fluxes above this limit.
That is, in a 7-tile observation such as those reported in this paper,
any detected source below the flux limit set by the existing large-
area catalogues, will have a probability of being serendipitous of
≥0.07, i.e. we cannot expect to identify the counterpart with even
2σ confidence.

It is impossible therefore, for us to identify the counterpart to the
neutrino triggers reported in this paper based on the source flux at
detection, and in any future follow-up of astrophysical neutrinos, we
would expect at best 50 per cent of GRB afterglows to be identified
in this way.

While neutrinos are expected from all GRBs, a prime candidate
for the sources of gravitational waves are nearby short GRBs, which
arise from the merging of two neutron stars. The middle panel
of Fig. 5 shows the flux distribution of the short GRBs detected

by the Swift-XRT: they are much fainter than long GRBs and we
are unlikely to observe any before they fall below the limits of
existing catalogues. However, the horizon distance of aLIGO is
around 200 Mpc (Abadie et al. 2010a), whereas the average short
GRB redshift in the Swift sample is 0.72 (Rowlinson et al. 2013),
corresponding to a luminosity distance of ∼ 4000 Mpc. Thus on-axis
short GRBs detected by aLIGO should be a factor of ∼ 400 brighter
than those detected by Swift, although the time axis of the light
curve is compressed by the reduced time dilation, which shortens
any plateau phase. In the bottom panel of Fig. 5, we have shifted
the XRT afterglows from the redshifts given in Rowlinson et al.
(2013) to 200 Mpc (z = 0.045). In this case ∼ 80 per cent of short
GRBs would be above the RASS limit one hour after the trigger, and
50 per cent would still be that bright at eight hours. These results are
less optimistic than those reported by Kanner et al. (2012), however
they used only short GRBs with known redshift (giving a smaller
sample), whereas we have included short GRBs with no known
redshift, assigning to them the mean short GRB redshift of 0.72. It
should also be noted, that in ten years of operation, Swift has not
yet detected a short GRB less than 500 Mpc away (GRB 061201,
z = 0.111; Berger 2006), and indeed no short GRB thousands of
times brighter than the typical Swift short GRBs has been reported
in over twenty years of observations by various facilities. This tells
us that nearby short GRBs, which may trigger aLIGO, are extremely
rare.

5.1.1 Increasing the sensitivity

Our ability to identify a counterpart by its brightness would be en-
hanced if we had a more sensitive reference catalogue. For example,
Fig. 6 shows that if Swift-XRT had conducted a 2 ks observation of
a field prior to an IceCube trigger, then the list of known sources
at that location would be 90 per cent complete down to a flux five
times below the RASS limit; for hard or absorbed sources the in-
crease in sensitivity is significantly more pronounced. At such lev-
els, 95 per cent (50 per cent) of the Swift-detected GRBs would be
bright enough to be confirmed as new (non-serendipitous) sources
in an observation at one (eight) hours after the trigger.

To pre-image the entire sky with Swift-XRT, at 2 ks per field, is
clearly not practical (it would require around 18 yr of observing
time!), although some subset of the sky, for example, correspond-
ing to the galaxies deemed most likely to yield a short GRB that
aLIGO would detect, could potentially be observed. The forthcom-
ing eRosita mission, expected to launch in 2016, will produce an
all-sky survey in the 0.2–10 keV band which will be a factor of 30
more sensitive than the RASS (Cappelluti et al. 2011). This will
provide a valuable resource for identifying new sources in Swift-
XRT observations of non-EM triggers. In the meantime, catalogues
such as the 1CSC (Evans et al. 2010), 3XMMi-DR4 (Watson et al.,
in preparation) and 1SXPS (Evans et al. 2014) could be used when
available, but their sky coverage is very limited.

5.2 Identifying counterparts by fading light curves

Transient events by definition fade over time. However, in our
follow-up observations, only 19 (out of 109) sources were bright
enough (or observed for long enough) to yield two or more light
curve bins, and 12 of these occurred in the field of trigger #7, which
was observed for an unusually long time to allow us to rule out the
possible counterpart in that field (Section 4.1). Also, not all tran-
sient sources fade on the time-scale of a single observation. GRBs,

MNRAS 448, 2210–2223 (2015)
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Figure 8: Left The 3� on-axis point source continuum sensitivity for a 5 year AMEGO mission compared with
the Fermi-LAT (same incident angle and e�ciency over 5 years), COMPTEL27 and EGRET28 (40% e�ciency
over two weeks), and NuSTAR19 and SPI29 (exposure of 106 seconds). We assumed a 5-year mission with a 20%
observation e�ciency (due to field of view and South Atlantic Anomaly). Right The 3� narrow-line sensitivity
for AMEGO is compared to INTEGRAL/SPI and COMPTEL.

3.3 Energy Resolution

The energy resolution is given by the FWHM of the reconstructed photopeak reported as a percentage of the
incident energy �E/E. The energy resolution for pair events, which was found to be ⇠10% at 1 GeV, is
not shown here since it is not an instrument requirement. However, as discussed above, we expect the energy
resolution in the pair regime to improve once the Fermi-LAT reconstruction tools are implemented.

Figure 7 (c) shows the energy resolution for Compton events. An energy resolution of 1% FWHM/E is
achieved at 1 MeV. The energy resolution for Untracked Compton events is better than that seen for tracked
Compton events for two reasons. First, the Low Energy Calorimeter dominates the Untracked Compton event
classification and the CZT has better energy resolution than the DSSDs in the Tracker. Second, the energy
resolution for tracked events will often be worse since more interactions are recorded (at least two in the tracker,
by definition), and the errors add up for each measurement.

3.4 Continuum and Narrow-Line Sensitivity

The sensitivity of a telescope is a measure of its capability to detect faint a sources; a lower sensitivity is better.
For gamma-ray telescope, the sensitivity can be calculated based on the background rate, the e↵ective area, the
angular resolution, and, in the case of the narrow-line sensitivity, the energy resolution.

The sensitivity has been calculated di↵erently for the two regimes of the AMEGO telescope. In the Compton
regime (.10 MeV), where the background is dominated by activation in the instrument and surrounding passive
material, we have performed full background simulations in MEGAlib which include activation. We have then
used MEGAlib’s SensitivityOptimizer program to determine the continuum sensitivity for this range. In the pair
regime (&10 MeV), where the backgrounds are well understood and modeled from Fermi-LAT observations, we
have calculated the sensitivity analytically by

Isrc =
E

AeffTobs
⇥

0

@n2
sig

2
+

s
n4
sig

4
+

n2
sigAEffTobsNBd⌦

E

1

A , (1)

where E is the energy, Aeff is the e↵ective area, Tobs is the observation time, nsig is the significance (3� is used
here), and NB is the background. The parameter d⌦ is defined as 2⇡(1� cos(2⇥PSF )), with PSF given by the
angular resolution. The background models used for both the input to the low energy MEGAlib simulations and
the high energy analytical calculation include Galactic, extra-galactic, and di↵use emission, while the activation
simulations also include models of cosmic-ray particles in low-earth orbit.

11

MeV-GeV coverage

• AMEGO angular resolution: 3° (1 MeV), 10° (10 MeV) 

• AMEGO prototype (ComPair) for  balloon flight.  

• European MeV effort concentrated on All-Sky-Astrogamm mission study. 

• Continued support for Fermi.

38

Sensitivity in the 0.1-300 GeV 
Large FoV (all-sky coverage in few days)

Launched in 2008. 

Fermi-LAT

All sky Medium Energy 
Gamma-ray Observatory 

(AMEGO)

PI: Julie McEnery (GSFC)
AMEGO

AS-Astrogamm

Kierans et al. 2020
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VHE coverage

• CTA to provide a x10 improvement in sensivity in the VHE band (>50 GeV). Prototypes telescopes 
already detecting sources, observations to start in ~2025. 

• Neutrino follow-ups and strong AGN science program for CTA.  

• Air shower arrays (HAWC, LHAASO, proposed SWGO) provide large FoV coverage with high duty cycle 
although with a higher threshold.
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of PeV photons and neutrinos to our galaxy. Past gamma-ray observations have
been used to test the association of the astrophysical neutrinos with the Galactic
Plane [10, 11], the Galactic Halo [12], and the Fermi “bubbles” [13]. The sensitivity
of these tests will be greatly improved by observations from current and future air-
shower arrays, such as IceTop [14], HAWC [15], LHAASO [16] and HiScore [17].

Neutrino correlations with sources of extragalactic gamma-rays can be inves-
tigated at GeV–TeV energies, where absorption is not as severe, if the hadronic
gamma emission extends to this energy range. The main instruments in this band
are the Fermi Large Area Telescope (LAT) [18], the H.E.S.S. [19], MAGIC [20], and
VERITAS [21] ground-based telescopes, and the HAWC array. The sensitivities of
current and future gamma-ray telescopes are shown in Fig. 2.

Fig. 2. Di↵erential 5� sensitivity of current (solid lines) and future (dashed lines) gamma-ray
observatories. The Fermi-LAT [22, 23] sensitivity curve is given for a 10 year exposure at two
galactic latitudes (30� and 90�). The Fermi-LAT and HAWC curves are given for quarter-decade
energy bins. The VERITAS [24], MAGIC [25], H.E.S.S. [26], and CTA [27] curves are given for 50
hours of observation and 5 energy bins per decade. The HAWC 300 sensitivity [15], and that of the
future HiScore [17] and LHAASO [28] arrays, is given for a five-year exposure. For reference, the
shaded grey regions indicate, from the top, 100%, 10%, and 1% levels of the gamma-ray spectrum
of the Crab nebula.

The connection between the neutrino flux and extragalactic radiation back-
grounds has been explored in recent studies. Simple extrapolations of the astro-
physical neutrino flux down to GeV energies lead to an associated photon flux that
can account for a significant fraction or even overflow (depending on the assumed
neutrino spectral index) the isotropic gamma-ray background (IGRB) measured
by Fermi -LAT [29]. However, Fermi source population studies [30] indicate that
the IGRB is dominated by unresolved AGNs (typically assumed to be leptonic
sources) which results in a lower fraction of the IGRB that could be connected to

CTA

HAWC

LHAASO

SWGO in the Southern Hemisphere
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Take-away points for realtime correlations with AGN

• Increase the number of neutrino events >100 TeV (high astrophysical purity) 

• Improve the angular resolution (correlation probability goes with PSF2) 

• As neutrino telescopes are 4  instruments, you need wide-field, continuous, broad-band, 
sensitive coverage across the AGN SED. 

• New instruments where sensitivity is currently lacking (soft X-rays to MeV range, improved 
sensitivity in the VHE range). 

• Continued operation of instruments with no obvious substitute (e.g. Fermi)

π
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Current Communication infrastructure 
• Current infrastructure relies largely on the NASA gamma-ray 

coordinates network. 

• GCN notices and free-text circulars.  

• Challenging for high alert rates, interpretation. 

• Other networks (AMON) target multimessenger triggers. 

41

https://gcn.gsfc.nasa.gov/

https://www.amon.psu.edu/
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New infrastructure

• Higher alert rates and realtime correlation studies will require more flexible approaches to alert 
generation and distribution. 

• New GCN & TACH. Streaming of notices, Kafka-based. 
42

https://gcn.nasa.gov/ https://heasarc.gsfc.nasa.gov/wsgi-scripts/tach/gcn_v2/tach.wsgi/
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High-level science product pipelines

• The prompt identification of potential neutrino counterparts will require the automated generation of high-level science products.  

• Integration / flexibility in the generation of alerts. 

43

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/index.html



Summary

• Neutrinos are a unique probe into particle acceleration processes occurring 
near SMBHs. 

• Astrophysical neutrino flux potentially extragalactic in origin, AGN are a prime 
suspect and first hints of correlations have been identified.  

• Future neutrino and EM observatories will enable multi-messenger AGN 
studies in the coming decades. 

• New infrastructure is being developed (and needed) to deliver discoveries in 
the coming decade.
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The IceCube Neutrino Observatory

• First km3-scale neutrino detector 

• 5160 digital optical modules (DOMs) 
deployed at depths between ~1.5-2.5 
km 

• Construction finished in Dec 2010 

• Surface air shower array (IceTop) 

• Denser in-fill for O(10) GeV neutrinos 
(DeepCore)

46
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Correlation with multi-messenger signals

• Several claims from marginal significance correlations. 

• E.g.: extreme blazars (Padovani et al. arXiv/1601.06550)
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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PKS B1424-418

Kadler et al (arXiv/1602.02012) 
p-value ~ 5%
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Figure 2: Dynamic SED of PKS B1424�418. The multi-epoch SEDs are fitted with two log parabolas

for the 2LAC period (yellow), the first three years of IceCube integration (dark blue), the short 2010 flare

around MJD 55327 (red), and the major outburst between MJD 56125 and MJD 56413 (light purple). The

gray shaded area shows the keV to GeV integration range for the neutrino fluence calculation. Note that

upper limits (downward arrows) are neglected in the fits.
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OVRO associations

• No evidence for correlation in the OVRO 
sample (12-28% of the 57 neutrinos 
evaluated). 

• Associations are mostly LSP FSRQs, although 
the sample is also dominated by that subclass.
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Hovatta, Lindfors et al.: OVRO and Metsähovi radio sources associated with IceCube neutrinos

1. Mean flux density of the associated sources.
2. Mean activity index of the associated sources.
3. Number of flaring sources in the sample.

In Sect. 3.1, we describe how we match the neutrino positions
with our radio samples. Following Plavin et al. (2020a), we es-
timate the (unknown) systematic uncertainties in the IceCube
event positions using our data. We also describe how we gen-
erate random Monte Carlo samples to obtain the chance coin-
cidence probability in our analysis. In Sect. 3.2 we discuss the
analysis of the mean flux density, while the mean activity index
and the number of flaring sources in the sample are discussed in
Sect. 3.3.

3.1. Position matching and systematic uncertainty estimation

As described in Plavin et al. (2020a), in order to match the
neutrino positions with our samples, we must first translate the
⌦90 error regions into two-dimensional coverage regions. This
is done by multiplying the individual statistical errors in RA
and DEC with the ratio of 90% quantiles of two- and one-

dimensional Gaussian distributions:
p
� log(1�0.9)
erf�1(0.9)

⇡ 1.3 (Plavin
et al. 2020a). This way we obtain regions around the neutrino
events that are bounded by four quarters of ellipses.

Following Plavin et al. (2020a), we estimate the unknown
additional systematic uncertainty in the neutrino positions us-
ing our data. We leave the systematic uncertainty � free in our
analysis, and scan over a range from 0.1� to 1.0� with a step of
� = 0.1�. We then add � to the statistical uncertainties in RA
and DEC in all directions.

For each � we first find all the sources in our samples that
fall within the elliptical region around the neutrino event (see
Fig. 1 for an example). We then calculate the test statistic of
interest (mean flux density or activity index) for each source.
We repeat this step for random Monte Carlo samples. Similar to
Plavin et al. (2020a), we generate random comparison samples
by shifting the IceCube neutrino positions in RA while keep-
ing the DEC constant. This way we reproduce the e↵ect that the
sensitivity of the instrument depends only on zenith angle (Aart-
sen et al. 2017b). We then match these random neutrino samples
with our observed samples, and calculate the same test statistic
(mean flux density and activity index) for each associated ran-
dom source.

With this procedure we can estimate the distribution of the
test statistic under the null hypothesis of no association between
the neutrino events and the radio sources. We can then estimate,
under the null hypothesis, the chance probability of obtaining a
value of the test statistic equal or larger than the one obtained
from the data as,

p =
M + 1
N + 1

, (1)

where M is the number of random samples with a larger test
statistic than in the real data, and N is the number of random
samples (Davison & Hinkley 2013), which in our case is 10 000.
This is given as the pre-trial p-value when reporting our results.
We then select as the optimal systematic uncertainty the value
that gives the smallest pre-trial p-value.

In order to account for the factor resulting from these mul-
tiple trials, we again follow Plavin et al. (2020a) and insert the
calculation of the post-trial p-value into our Monte Carlo sim-
ulations. To do this, we treat each random sample as the real
observation, and calculate how many times we obtain as small
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Fig. 1. Example of the elliptical uncertainty region around the neutrino
event on Aug 12, 2015 (MJD 57246) and the positions of the three as-
sociations found for it in the OVRO sample. The solid black line shows
the statistical error ellipse of the neutrino position (shown with a black
cross), where the quarters are asymmetric in all directions. The blue
dashed line shows the additional systematic uncertainty � = 0.6� as
found optimal for the mean flux density analysis in the CGRaBS sam-
ple.

pre-trial p-value by chance as is obtained for the real data. This
will be M in Eq. 1, which we now use to obtain the post-trial
p-value.

3.2. Mean flux density

The mean flux densities of the associated sources in the di↵erent
samples are given in Table 2 for the OVRO samples and Table 3
for the Metsähovi sample. The optimal systematic uncertainty
� varies between 0.3� and 0.6� for the di↵erent samples due
to the random nature of the process. These are, however, similar
to values found by Plavin et al. (2020a). The optimal value and
the number of associations within this limit are given in Table 4.
When comparing the mean flux density values with random sam-
ples, we average the values of the individual sources within the
sample of associated sources to obtain a single parameter for the
sample. These are also given in Table 4, along with the resulting
pre-trial and post-trial p-values. The OVRO and Metsähovi light
curves of these sources are shown in Appendix A.

3.3. Time-Dependent analysis

3.3.1. Mean activity index

Because both OVRO and Metsähovi light curves are well sam-
pled, we can estimate whether any of the associated blazars show
flaring behavior during the arrival time of the neutrino. Follow-
ing Plavin et al. (2020a), we use the activity index (A.I.), defined
as the mean flux density within a time window around the neu-

Article number, page 5 of 17

Hovatta et al. (arXiv/2009.10523)
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Fig. A.2. OVRO light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 2.3 yrs around the neutrino event.
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A cosmic collider?
• Point to unique jet kinematics of TXS 

0506+056 

• A few models are discussed: 

• Precessing inner jet. 

• Collision of jetted material. 

• Discovery of a binary AGN-jet on 
parsec scales?
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S. Britzen et al.: A cosmic collider: Was the IceCube neutrino generated in a precessing jet-jet interaction in TXS 0506+056?

Fig. 3. Model geometry of the proposed jet interaction in the two-jet
scenario. The two jets and their sources are labeled in red (jet II) and in
blue (jet I). The viewing angles of the jets vs. the line of sight (l.o.s.) are
denoted by ↵I and ↵II. The angle between the jet directions is denoted
by ⇥. In addition to the projected alignment and inclinations indicated
in this (2D) sketch, there is an inclination in the third dimension.

right to the left in the image plane. We may speculate that this
second jet could originate from a second black hole (likely direc-
tion to second black hole indicated in Fig. 1b with a question
mark). The paths of the two jets seem to intersect.

Jet II seems to be closer to our line of sight and more strongly
Doppler beamed. The apparent speeds of the jet features are
higher (Table 1). The neutrino(s) might have been generated in
an interaction of two jets in a possible active supermassive binary
black hole system. We discuss this in more detail in Sect. 8.

Tracing the flux-density of each individual component
(1b–1h) reveals that each of these jet components goes through
a maximum in the flux-density evolution (see Fig. 2d, marked
by di↵erently colored rings). We checked where in the xy-plane
this maximum of flux-density occurs (Fig. 2b), and for all the
components 1b to 1h this flux peak is at the projected crossing
site of the inner jet features (1a–1a2) with the outer jet. This
brightening in flux-density is of small amplitude since all these
components appear to be fainter than the inner jet components.
This brightening and passing of the collision site occurs for 1h
roughly at the time of the neutrino event (Fig. 2d). Since all the
jet components “lighten up” in the same region, this is further
support for the collision scenario we proposed earlier.

We can estimate the interaction angle following the typi-
cal interrelation between the viewing angle of the jet compo-
nents and the apparent superluminal speed. We sketch the model
geometry of the proposed jet interaction in the two-jet scenario
in Fig. 3. For jet II with apparent velocities of about �II ' 10, a
viewing angle between ↵II = 1.5� and ↵II = 3� is needed in com-
bination with a proper Lorentz factor �II = 10 � 16. In contrast,
for jet I with an apparent velocity of about �I ' 2, a viewing
angle between ↵I = 5� and ↵I = 20� is likely in combination

with a proper Lorentz factor �I = 2 � 4. We can therefore esti-
mate the collision angle between ⇥ = ↵I + ↵II and ⇥ = ↵I � ↵II,
which also depends on the 3D alignment of the jet sources. In
numbers, this gives a ⇥ ' 15� and a large di↵erence in jet speed,
or a ⇥ ' 2� and a smaller di↵erence in jet speed. In any case the
di↵erence in the Lorentz factor is �� ' 10, which may indeed
lead to a powerful collision between the two jets.

3.5. Apparent speeds of jet features

The kinematic parameters derived for the components that could
be traced are listed in Table 1. As mentioned before, we used
the core feature as reference point for all the components, which
could be reliably identified. We refer to Fig. 1a for the labeling
of the components. The estimated time of ejection can only be
listed for those features that are part of the inner jet (1a, 1a1,
1a2) as we assume their origin is the core. The position angles
for only these components are listed in Col. 6. For the remaining
components it is not clear when and from which core they were
ejected.

The proper motions listed have all been determined by apply-
ing linear regression fits to the data (see Fig. 2a). If the one-jet
scenario is the proper model describing our results, all compo-
nents (1a–1h) will belong to jet I. If the two-jet scenario is the
proper description, components 1a, 1a1, 1a2 will belong to jet
I, and components 1b–1h to jet II. Components 1c and 1h move
along a curved path in the xy-plane. In the case that the two-
jet scenario is correct, the first data point for 1c might not be
correctly identified and for 1h the first three data points might
be misidentified. Only the component identifications for 1c and
1h need to be modified for switching between the one-jet and
two-jet scenario. The proper motions of components 1c and 1h
in Table 1 have been calculated for the two-jet scenario, without
those components that move on the curved path.

4. Modeling the precessing inner jet

As listed in Table 1 and indicated in Fig. 2c, the jet compo-
nents of jet I, 1a, 1a1, and 1a2, start under di↵erent position
angles with time. The flux-density and apparent velocity of 1a2
is higher compared to those of 1a and 1a1. Interpreted in geo-
metrical terms, the jet in more recent times is pointing closer to
the line of sight (i.e., moving toward us). This might indicate that
this jet is precessing.

We tested this hypothesis by constructing a simple pre-
cession model, which was previously used to explain periodic
radio variability and component positional and apparent velocity
changes in blazars (e.g., for OJ287 by Abraham 2000; Britzen
et al. 2018) and a radio galaxy (for 3C120 by Caproni 2004).
Within the precession model the jet is envisaged to undergo a
bulk precession motion, which leads to the periodic changes of
the Doppler boosting factor due to the changes of the viewing
angle of jet components. As a consequence, the underlying emis-
sion of the jet is a↵ected with respect to the observer since the
flux density in the observer’s frame depends on the Doppler fac-
tor as

S obs(t, ⌫) = S jet(⌫)�(�, �)⇠ , (1)

where S jet is the underlying non-thermal synchrotron jet emis-
sion in the source frame, S jet / ⌫�↵, with ↵ the spectral index,
and �(�, �) is the Doppler-beaming factor, which depends on
the Lorentz factor �, the jet component velocity � = v/c =q

1 � 1/�2
L, and the viewing angle � in the following way:
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1e
1d
1c

1b

1a
c = core

core I

core II ?

Jet I

Jet II

(b)(a)

Fig. 1. Panel a: one of 16 epochs reanalyzed with the components identified in this epoch (Nov. 14, 2010) marked. Shown is an image with the
difmap modelfit components superimposed (circles) and the components belonging to the inner jet (light blue arrow) and those features that seem
to belong to the spike (red arrow). The arrows indicate the dominant direction of motion. The filled ellipse in the bottom left corner gives the beam
size (point spread function). Panel b: image from a later epoch. The two potential jet scenarios are indicated (see text for details). The physical
nature of the spike is unclear. The spike in the two-jet scenario might be the jet of a potential second black hole. The second core (core II) is
therefore marked with a question mark.

study the question of why and how the neutrinos were produced
if they originate in TXS 0506+056. We later propose that the
enhanced neutrino activity in 2014–15 as well as the extremely
high-energy (EHE) neutrino were generated in a collision within
the jet.

Throughout the paper we adopt the following parame-
ters: a luminosity distance DL = 1.8277 Gpc at the source red-
shift of z= 0.3365 with cosmological parameters correspond-
ing to a ⇤CDM Universe with ⌦m = 0.308, ⌦� = 0.692, and
H0 = 67.8 km s�1 Mpc�1 (Planck Collaboration XIII 2016). Thus,
a proper motion of 1 mas yr�1 corresponds to an apparent super-
luminal speed of 16.18c, while 1 mas= 4.961 pc.

2. Observations and data reduction

We remodeled and reanalyzed 16 VLBA observations (15 GHz,
MOJAVE1) performed between January 2009 and March 2018.
The typical beam (point spread function) of these observations is
0.984 ⇥ 0.444 mas. Observations on September 6, 2015, had the
smallest beam with 0.942 ⇥ 0.406 mas. The beam indicates the
resolution, which is usually assumed to be one-fifth of the beam.
The beam of the observations depends on the projected length
and orientation of the vector between the antennas as viewed by
the celestial source. This changes as the Earth rotates.

Gaussian circular components were fitted to the data to
obtain the optimum set of parameters within the difmap-modelfit
program Shepherd (1997). Every epoch was fitted independently

1
https://www.physics.purdue.edu/MOJAVE/

from all the other epochs. The following parameters were fitted
to the data: the flux-density of the component, the radial distance
of the component center from the center of the map, the position
angle of the center of the component (degrees north –> east)
with respect to an imaginary line drawn vertically through the
map center, the full width at half maximum (FWHM) major axis
of the circular component.

The model-fitting procedure was performed blindly so as not
to impose any specific outcome. Since the unique neutrino detec-
tion from this source, we expected TXS 0506+056 to reveal spe-
cial properties. Therefore, without knowing what these peculiar
properties would be, we remodeled all the available MOJAVE
data to also allow very faint components.

With this new approach, any unusual morphology and mor-
phological changes should appear in the model-fitting process.
To allow for unusual morphologies, we also applied a new tech-
nique in the identification of the jet features. We identified pat-
terns in the jet motion by searching for a smooth evolution in
x- and y-coordinates with time for individual jet features. In par-
ticular, faint components do reappear in later epochs at similar
places, which makes us confident that these jet features are in
fact real. The excellent data quality of the MOJAVE program
allows such a deep analysis.

In Fig. 1a we show one of the images with difmap model
components superimposed. The point spread function (beam) is
shown as well.

Special care was taken to correctly identify the core compo-
nent in every individual data set. We used the brightest jet fea-
ture as reference point for all the jet components. Uncertainties
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Correlations with multi-messenger signals

• Multiple observational programs aimed at identifying EM counterparts to high-
energy neutrino events. 

• Dedicated gamma-ray follow-up program from IceCube + IACTs.
52
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IACT is given in Table 1. In April 2016, IceCube started a program that broadcasts a low-latency
alert (typically below a minute) to follow-up partner observatories when a potentially-astrophysical
neutrino event is detected at the South Pole and identified by an online selection algorithm [9]. A
description of the status of this program, which also involves the FACT project [10], is given in
Section 4.

The four observatories involved in this program use the imaging atmospheric Cherenkov tech-
nique, which uses large optical telescopes that collect the Cherenkov light produced by gamma-ray
showers in the atmosphere and focuses it onto a sensitive cameras equipped with fast-readout light
sensors (photomultiplier tubes in the case of H.E.S.S., MAGIC and VERITAS, and silicon pho-
tomultipliers in FACT). The geometry and brightness of the shower images is used to reconstruct
the energy and incoming direction of the primary gamma-ray photon. IACT arrays use multiple
telescopes to provide a stereoscopic view of the gamma-ray showers, which improves the angu-
lar resolution of the telescopes, typically of order ⇠ 0.1� above 100 GeV. See [11] and references
therein for a recent review of the IACT technique and the capabilities of current instruments.

Figure 1: Sky map in equatorial coordinates of the neutrino event positions used in this program. In gray,
different markers indicate the IceCube analyses from which the positions were obtained (HESE [4], HEMU2
[5], and HEMU6, [2]) while the colored markers indicate which IACT has performed follow-up observations
of these events. The colored regions indicate the area of the sky observable at elevations > 50� (typical for
IACT observations) from the latitude of the FACT/MAGIC/VERITAS (blue) and H.E.S.S. (red) sites. The
dotted black line represents the Galactic Plane, with a black circle indicating the Galactic Center.

3. Analysis and preliminary results

The IACT observations summarized in Table 1 were performed using the standard wobble
observation strategy where telescopes are offset from the position of the potential source to allow
for a simultaneous determination of the background event rate. Offsets of 0.4� �0.9� with respect
to the best-fit neutrino location were used to provide better coverage of the neutrino error circle.
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Figure 4: Sky maps showing VERITAS integral flux upper limits for HESE-13 (left), HESE-37 (center),
and HEMU6-27 (right) for E > 170 GeV. The size of the sky map corresponds to the IceCube 50% error
region of each event.

can set strong constraints on the gamma-ray flux of any potential neutrino source detected by
IceCube.

The lack of VHE gamma-ray emission associated with the IceCube events can be interpreted
as evidence of the gamma rays being absorbed before they reach Earth, either by the extragalactic
background light (EBL) or due to interactions within the sources. The gamma-ray self absorption
scenario has been postulated as the explanation for the possible tension between the Fermi gamma-
ray and IceCube neutrino diffuse backgrounds [14]. If the sources are optically-thin to gamma rays,
the lack of correlation would indicate that the sources are too distant (absorbed) or too numerous
(faint) to be detected in IACT follow-ups of individual neutrino events, at least for current instru-
ments. The upper limit maps presented here serve two purposes: set constraints on any potential
source in the vicinity of the neutrino event, and, in the case no significant source is found, enable a
statistical search for systematic excesses associated with the neutrino pointings that are not present
in observations of blank patches of sky. This will be the purpose of a future publication.

While the observation of these catalog events have only provided upper limits on steady-
flux sources so far, theoretical models [15] suggest that the neutrino flux could correlate with the
gamma-ray flux in the case of flaring events of active galactic nuclei, the most numerous type of
VHE gamma-ray source. Therefore, it is also important to study the temporal correlation between
neutrinos and gamma rays. This can be done either by correlating gamma-ray flaring events of
known sources with the time of neutrino detections [16], or by trying to find electromagnetic coun-
terparts of neutrino events in other wavebands via target-of-opportunity observations (e.g. [17]).
For this, IceCube provides realtime alerts to the community using the gamma-ray coordinate net-
work (GCN). Apart from the HESE events already described in this work, extremely-high-energy
(EHE) events are also reported online. Observatories can subscribe to these alerts to perform imme-
diate follow-up observations of the detected neutrino events. In that context, all IACTs discussed
here started to perform follow-up observations of realtime alerts. First results are reported from
FACT [18], H.E.S.S. [19], MAGIC [20] and VERITAS [21].
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